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Growth rates and diet patterns for sympatric pallid sturgeon Scaphirhynchus albus and
shovelnose sturgeon S. platorynchus throughout the Missouri River and lower Mississippi River
were examined. Pallid sturgeon growth in the Great Plains Management Unit (GPMU) was
slower than in other river reaches until age 9 and pallid sturgeon from the Interior Highlands
Management Unit (IHMU) and Coastal Plain Management Unit (CPMU) did not differ. No
differences in growth between management units were detected for shovelnose sturgeon.
Observed differences in growth between pallid sturgeon and shovelnose sturgeon were generally
dependent upon which growth model was used, but pallid sturgeon were typically larger after
age 4. Diet is considered a primary driver of growth. Stable isotopes are capable of examining
diet over longer time periods than gut content studies, but that time frame is dependent on which
tissue is selected. Using fin clips, diet of both pallid sturgeon and shovelnose sturgeon was
evaluated via stable isotopes. Pallid sturgeon and shovelnose sturgeon trophic position (TP) was
influenced by management unit. There was a slight, but not significant, latitudinal trend with
pallid sturgeon TP increasing by approximately one full TP between the GPMU and CPMU.
Pallid sturgeon growth was negatively related to TP but was unrelated to δ13C in the Missouri

River. Shovelnose sturgeon growth was not related to TP, but was negatively related to δ13C in
the Missouri River. Dissimilarity in TP combined with differences in δ13C between species
suggests low diet overlap between these sympatric species, and neither species should be used as
a surrogate for the other for prey consumption studies. Further, pallid sturgeon differences
between the GPMU and the rest of the management units suggest that individuals from the
GPMU could be managed separately from those in other management units.
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CHAPTER I
INTRODUCTION
Members of the order Acipenseriformes are a valuable commodity and are considered
among the most endangered of all fish species by the International Union for Conservation of
Nature (IUCN; Pikitch et al. 2006). Prized for their production of roe, there are 27 extant species
comprehensively of which only four are not currently considered vulnerable to extinction by the
IUCN (IUCN 2019). Of the 10 species within the United States and Canada, four are increasing
in abundance or are stable: Atlantic sturgeon Acipenser oxyrinchus oxyrinchus (St. Pierre and
Parauka 2006), green sturgeon A. medirostris (St. Pierre and Campbell 2006), lake sturgeon A.
fulvescens (St. Pierre and Runstrom 2004), and white sturgeon A. transmontanus (Duke et al.
2004). All three members of the genus Scaphirhynchus (pallid sturgeon, S. albus; shovelnose
sturgeon, S. platorynchus; and Alabama sturgeon, S. suttkusi) are considered to be in decline or
potentially extinct (Duke et al. 2004; Surprenant 2004; Parauka 2004, respectively). The pallid
sturgeon was listed as an endangered species in September 1990 by the U.S. Fish and Wildlife
Service (USFWS) with population declines attributed to overharvest, habitat modification, and
hybridization with shovelnose sturgeon (USFWS 1990). One of the most abundant and
widespread sturgeon species, the shovelnose sturgeon was protected from commercial fishing
under the Endangered Species Act where sympatric with the pallid sturgeon due to their
similarity of appearance with pallid sturgeon (Keenlyne 1997; Phelps et al. 2016).

1

Management and recovery plans for sturgeons need to incorporate demographic and life
history considerations and, particularly because sturgeons are long-lived, late-maturing species,
an understanding of the influence of age. In sturgeons, life history stages are often protracted
compared to many other fishes. Lifespans for pallid sturgeon and shovelnose sturgeons are up to
65 (Braaten et al. 2015) and 43 years (Everett et al. 2003), respectively. While goals for
establishment of reproductively active populations are important (Wildhaber et al. 2007), age
must be considered, as it influences reproductive onset, spawning periodicity, and fecundity.
Female pallid sturgeon may take up to 15 years to reach sexual maturity (Keenlyne and Jenkins
1993), while female shovelnose sturgeon may reproduce after as many as 9 years (Phelps et al.
2016). Females of both species have a spawning periodicity of 2-4 years (Tripp et al. 2009;
Jordan et al. 2016), which may be dependent on energy reserves, which take time to accrue
(Phelps et al. 2016).
Age determination is a critical component for management of sturgeons, and because any
rate-based calculations require some unit of time, age is fundamental to the management of any
species (Campana 2001). Age data are required to determine a number of biological variables
such as mortality rate, recruitment, growth rate, and length of time to maturity (Campana 2001;
Isely and Grabowski 2007; Hamel et al. 2016; Bakhshalizadeh et al. 2017). Mortality accounts
for the loss of fish through fishing or natural death such as disease, old age, or predation; and all
species have a range of mortality specific to age groups and life history stages (Miranda and
Bettoli 2007). Recruitment is described as the development of juvenile fish into harvestable or
adult size (i.e., maturity), thus sustaining a population (Maceina and Pereira 2007). As mortality
estimates the rate at which individuals are removed from a population, recruitment estimates the
rate of replenishment; therefore, age assessment is crucial to avoid overexploitation and facilitate
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recovery of depleted species (Campana 2001; Maceina and Pereira 2007). Growth rates are
important because of the number of life history attributes such rates influence. Fast growth rates
are indicative of healthy individuals, but interpretation of growth rates requires benchmarks to
determine whether growth is fast or slow. Further, reproductive success is essential if imperiled
sturgeons are to recover and maintain sustainable populations, and age assessment provides an
estimate for the length of time required to reach various life history stages. Maturation and
fecundity of individual fishes is usually dependent on size rather than age (Policansky 1983);
thus growth rate influences the onset of maturity and potentially reproductive output. In
addition, reproduction has high energy demands (Massou et al. 2004). Sturgeon are intermittent
spawners, and spawning frequency may be affected by food supply (both quantity and quality),
which should be reflected by growth rate (Moos 1978). Therefore, growth rate is one of the most
important biological variables and forms the foundation of population dynamics models, which,
in turn, permit managers to make more effective management decisions and better allocate
resources (e.g., time, manpower, and money; Campana 2001; Isely and Grabowski 2007).
Although sturgeon age estimation has been attempted using length-frequency histograms
(Bruch et al. 2009), age is more commonly evaluated either through the use of known-age fish
(e.g. Hurley et al. 2004; Hamel et al. 2014a) or by interpreting hard structures such as pectoral
fin spines (viz. Brennan and Cailliet 1989). The use of length frequency histograms is best suited
to rapidly growing species or life stages (i.e., juvenile) as there is generally less overlap between
age and length. Hard structures such as pectoral spines are thought to contain a record of
individual growth. The leading pectoral fin ray is encased in dermal bone (and thus considered a
spine; Findeis 1997), and concentric rings (presumptive annuli) typically are deposited along the
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periphery of the spines in widths that are dependent on growth with a continuous opaque band
(slow growth) immediately followed by a translucent band (fast growth; Schramm 1989).
Currently, little is known about the physiology of annulus formation in sturgeon. Bone
deposition is facilitated by osteoblasts, which are controlled by a number of internal mechanisms
such as genetic composition, gene regulation, sexual maturity, and hormones (Panfili et al.
2002). External variables that contribute to variations in somatic growth, and thus likely bone
growth, include water temperature, periods of dryness, periods of food scarcity, or disease
(Panfili et al. 2002). Schramm (1989) reported annual bands are often associated with fast
(translucent bands) and slow (opaque bands) growth periods and bands were deposited following
changes in water temperature, photoperiod, and feeding rate. The underlying assumption that
somatic growth is directly related to ring deposition often overlooks the lag between changes in
growth rate and the subsequent rate of deposition (Secor and Dean 1989). Given the variety of
factors that influence growth (e.g., prey availability, temperature); it is possible that individuals
or populations of sturgeon in more variable environments may display a pattern of deposition
that does not reflect annual growth (Geffen 1992).
A number of structures have been used to evaluate age of sturgeons. These include
otoliths, dorsal scutes, opercles, cleithra, and pectoral spines (Cuerrier 1951; Brennan and
Cailliet 1989). Otoliths have been reported as the most accurate ageing structure for sturgeon
(viz. Bruch et al. 2009) and minerals are not normally resorbed (Mugiya and Uchimura 1989).
However, obtaining otoliths requires sacrificing individuals, which is considered unacceptable
for protected species such as most sturgeons. Further, sturgeon otoliths are composed of vaterite,
the least stable form of CaCO3, giving the structure a grainy texture that is often difficult to
interpret and too fragile to process (Gauldie 1993; Chalupnicki and Dittman 2016). Dorsal
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scutes, while easy to obtain nonlethally, have been reported to degenerate in larger individuals
and are often difficult to interpret (Brennan and Cailliet 1989). Although opercles have been
used to age sturgeon in Russia (Chugunova 1959 [cited in Brennan and Cailliet 1989]) removal
is lethal and they have been reportedly difficult to interpret due to frequent checks (stressinduced discontinuities in either translucent or opaque zones of ageing structures [Panfili et al.
2002]), difficult to interpret annuli, and a patterned background matrix that obscured growth
zones (Brennan and Cailliet 1989). Brennan and Cailliet (1989) reported that cleithra were
easier to interpret than opercles, although precision between readers was low. Low precision
coupled with resorption (Cuerrier 1951) and the inability to obtain nonlethally limit the
usefulness of cleithra.
Pectoral spines have long been used by sturgeon biologists for age assessment (e.g., Kler
1916 [cited in Bruch et al. 2009]; Cuerrier 1951; Rossiter et al. 1995). For pallid sturgeon and
shovelnose sturgeon, the leading pectoral spine is cut near the point of articulation and the entire
spine is removed (USFWS 2012). The removal procedure is considered non-detrimental and
does not appear to affect survival or station-holding (Collins and Smith 1996; Parsons et al.
2003; Nguyen et al. 2016). Although Brennan and Cailliet (1989) reported that fin spines were
the most precise non-lethal method of age assessment for white sturgeon, the reliability of
pectoral spines has more recently been challenged as a method of age assessment for sturgeon
due to the level of difficulty in interpretation (low among-reader precision), the lack of rigorous
validation, and unreliable ages reported in some studies (Hurley et al. 2004; Whiteman et al.
2004; Jackson et al. 2007; Bruch et al. 2009; Koch et al. 2011; Hamel et al. 2014a; Rugg et al.
2014; Braaten et al. 2015).
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Over the past few decades, many studies have attempted to validate age assessments from
sturgeon pectoral fin spines. Fin spines from white sturgeon (Rien and Beamesderfer 1994), lake
sturgeon (Rossiter et al. 1995; Bruch et al. 2009; Hessenauer et al. 2018), and Atlantic sturgeon
(Stevenson and Secor 2000) have been accurately interpreted in young, fast-growing sturgeon
(generally ≤14 years), after which accuracy began to decrease with increasing age and slowed
growth. This is similar to studies that have reported accuracy of fin spines decreases with
increasing age when back calculating length-at-age (Paragamian and Beamesderfer 2003; Hamel
et al. 2015). One method of reducing the potential for incorrect interpretation of pectoral fin
spines is to use samples from known-age fish of the same species to “learn” how to interpret
annuli. Koch et al. (2011) illustrated this by using back-calculations from hatchery-raised pallid
sturgeon to determine how well back-calculated lengths at stocking compared to actual lengths
for pallid sturgeon. When including the first apparent annular ring, predicted lengths were
smaller than actual, but were in the correct size ranges when the first ring was excluded.
Although smaller predicted stocking lengths for pallid sturgeon were also reported by Hamel et
al. (2014b), back-calculated data were obtained from Koch et al. (2011) and it is not clear if
back-calculated lengths included the inner ring. Additionally, this inner mark was absent on
shovelnose sturgeon and has not been observed in pallid sturgeon from the Mississippi River (J.
Kilgore, U.S. Army Corps of Engineers, personal communication). This suggests that hatcheryreared individuals, which comprise nearly all pallid sturgeon in the Missouri River (DeLonay et
al. 2016), at least may initially deposit rings in a pattern other than once annually, possibly as a
result of differing hatchery rearing conditions (e.g., food type, feeding rate, and temperature
cycles) than typically encountered by wild fish (Schramm 1989).
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Age validation has been attempted using a number of different techniques such as bomb
radiocarbon, use of known-age fish, and mark-recapture. Recent studies have attempted to
validate fin spine ages from old sturgeon using bomb radiocarbon and have found that, when
compared to visual age assessment results, fin spines underestimated age by as much as 15 years
in 65 year old pallid sturgeon (Braaten et al. 2015) and by as much as 10-15 years in 40-60 year
old lake sturgeon (Bruch et al. 2009). The use of hatchery-reared individuals is a generally
discounted method of age validation due to the difficulty of mimicking variation in natural
environments, such as feeding and temperature cycles, that have been demonstrated to induce
annual marks (Campana 2001). As such, studies that have attempted to validate ages from
hatchery-raised sturgeon have resulted in inaccurate age assessments (Hurley et al. 2004;
Woodland 2005). The release of known-age (marked) pallid sturgeon has the advantage of a
definitive age because a known period of time has elapsed prior to recapture, thus it is possible to
verify the presumptive annuli are deposited once annually. However the method generally is not
suitable for long-lived species because recapture rates are often low (Campana 2001; Thomas
and Haas 2004; Kennedy et al. 2007; Haxton and Friday 2019).
Mark-recapture shares many of the same advantages and disadvantages as the use of
known-age fish. However, this technique also depends on both tag retention and the ability to
recapture marked fish (e.g., no behavioral changes leading to trap avoidance) following initial
capture and marking. While tag retention and most changes in behavior do not affect annulus
formation, they can result in fewer recaptures. For example, Hamel et al. (2013) reported tag
retention of 85% over 189 days from passive integrated transponder (PIT) tags implanted at the
base of the dorsal fin in age-1 pallid sturgeon. However, they also noted that tag loss was higher
and continual in larger individuals that can further reduce the potential pool of individuals
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available for use in age validation. Also, because the length of time between captures is often
low relative to lifespan for long-lived fishes, there are relatively few annuli to interpret
increasing the impact of misinterpreting annuli (Campana 2001). For example, Beamish and
McFarlane (2000) demonstrated the effect of misinterpretation of a single increment for a fish atlarge for 2 years (a 50% error) as opposed to one at large for 10 years (a 10% error). Beamish
and McFarlane (2000) also reported problems with annulus formation (e.g., check marks and
increasingly close annulus deposition) that were previously not observed in short-term recaptures
that contributed to misinterpretations of annuli. Despite this potential source of error, this
method is one of few available to validate growth increments of adult wild fish, and is therefore
still valuable (Campana 2001).
Any structure used to assess age depends on consistent deposition of a single pair of
opaque and translucent rings once per cycle (e.g., year or day). Marginal increment analysis
(MIA) has been used to evaluate the timing of deposition for shovelnose sturgeon (Whiteman et
al. 2004; Rugg et al. 2014; Porter and Schramm 2017), Atlantic sturgeon (Stevenson and Secor
2000), and shortnose sturgeon A. brevirostrum (Woodland and Secor 2007) with variable results.
Marginal increment analysis is used to determine when and how often annuli are deposited on a
particular structure (usually pectoral fin spines for sturgeon) as a method to validate age and is
best suited for fast-growing, young fish with more distinct increments. Complications arise
when results are applied to older fish with increasingly compressed outer bands as well as false
annuli (a zone of slow growth not counted as an annually deposited ring) that can lead to
subjective interpretation of what constitutes an annulus (Campana 2001). Although fish of all
ages may exhibit false annuli, such depositions are more difficult to distinguish in older fish due
to the compressed nature of deposited rings. However, the absence of an objective means of
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determining annuli often makes this technique more subjective than other methods, resulting in
generally poor performance when used in lieu of more rigorous age validation techniques
(Campana 2001). Despite the limitations of MIA, the technique is still a useful method for
assessing timing of annuli deposition. However, formation should be validated through other
means such as the use of known age fish, and results should be age-specific (Campana 2001).
Some of the concerns about shovelnose sturgeon fin spine ageing accuracy were based on
MIA (Whiteman et al. 2004; Rugg et al. 2014). Although Whiteman et al. (2004) reported that
shovelnose sturgeon deposited growth rings once annually (generally July-August) in the lower
Missouri River, Rugg et al. (2014) reported two cycles of ring deposition annually in the Platte
River, which resulted in age overestimation. Further, both Whiteman et al. (2004) and Rugg et
al. (2014) pooled samples by reporting a single percent agreement rate across all age classes,
thus age-specific deposition of more slowly growing fish was not evaluated. As MIA is best
suited for young, fast growing fish, and for assessing timing of annulus deposition, pooled ages
may provide misleading results for age validation as the technique requires analysis for each age
or size class of interest (Campana 2001). This is because as fish age, growth decreases as does
the width of annual increments with interpretation of annuli for older fish becoming
progressively more difficult because the bands become increasingly thin as the margin is
approached (Campana 2001). Porter and Schramm (2017) demonstrated the importance of
assessing increments based on growth trajectories (immature, fast growth vs mature, slowed
growth) by showing the variability in increment length for shovelnose sturgeon ages 7-9 and 1012. The younger group appeared to have a more discrete time period of ring deposition while the
time of a narrow marginal increment became less distinct. Rugg et al. (2014) attempted to
address the absence of age data and pooled immature/mature samples from the Whiteman et al.
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(2004) study by considering age, but their samples were primarily mature adults (ages ≥8 years
and > 525 mm FL) and thus fin spines would have been more difficult to age than those from
younger fish due to increasingly narrower increments. Another potential explanation for the
difference between Whiteman et al. (2004) and Rugg et al. (2014) was that Rugg et al. (2014)
evaluated shovelnose sturgeon from the lower Platte River where the average depth is 26 cm and
< 10% of the river has a depth greater than 60 cm (Peters et al. 1989). Although there is
continuous flow, diel fluctuations in depth of >1 m occur as a result of hydropower and irrigation
withdrawals during periods of peak usage (Hamel et al. 2014b). Carlisle et al. (2013) reported
that altered stream flows changed both invertebrate and fish communities due to habitat
suitability and availability regardless of stream size. Altering both habitat and prey availability
in concert with elevated summer water temperatures may negatively influence growth, thus
contributing to non-annual deposition of growth rings observed by Rugg et al. (2014).
False annuli are not restricted to only pallid sturgeon and shovelnose sturgeon.
Numerous studies have documented the presence of checks or false annuli in Atlantic sturgeon
(Stevenson and Secor 2000), shortnose sturgeon (Woodland and Secor 2007), white sturgeon
(Brennan and Cailliet 1989), and green sturgeon (Nakamoto et al. 1995). The presence of false
annuli results in overestimating true age (viz. Hamel et al. 2014a). More noticeable during
faster-growing life stages, false annuli become more difficult to detect with age as growth slows
and rings are deposited more closely together (Woodland 2005). This problem appears to be
particularly acute for older (> 15 years) pallid sturgeon and shovelnose sturgeon which may
explain some of the reported low accuracy.
Low rates of reader precision when ageing fin spines are of particular concern for both
pallid sturgeon and shovelnose sturgeon with reported levels of between-reader agreement ≤41%
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(Whiteman et al. 2004; Koch et al. 2011). However, percent agreement alone is not a robust
method for assessing precision as it is independent of species age and thus older, more difficult
to interpret fish may overly influence reported levels of precision (Beamish and Fournier 1981).
As a result, a number of papers (viz., Beamish and Fournier 1981; Chang 1982; Campana 2001)
have recommended the use of either average percent error (APE) or coefficient of variation
(CV). Average percent error is calculated by the equation:
𝑅

|𝑋𝑖𝑗 − 𝑋𝑗 |
1
𝐴𝑃𝐸𝑗 = 100% ×
∑
,
𝑅
𝑋𝑗

(1.1)

𝑖=1

where Xij is the ith age determination of the jth fish, Xj is the mean age estimate of the jth fish,
and R is the number of times each fish is aged. Coefficient of variation is calculated according
the equation:

(1.2)

where CVj is the precision estimate for the jth fish. Hurley et al. (2004) reported an APE of
6.2% for age-6 pallid sturgeon and Braaten et al. (2015) a CV of 4.5% for pallid sturgeon > 37
years, the latter of which was below the recommended CV level of 7.6% Campana (2001)
proposed for species which are moderately long-lived and age interpretation is of modest
difficulty. Ageing studies of sturgeons have reported a range of CVs from 1.7-16.0% (Table
1.1). However, no species-specific guidance currently exists for what level is acceptable for any
sturgeon species. Therefore, because there are currently no methods that result in 100%
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agreement (CV=0), studies need to be put into context and a maximum threshold for CV for each
species should be considered amongst researchers.
Aside from age assessment, sturgeon pectoral spines have been used to evaluate other
important life history traits such as migration (e.g., Willmes et al. 2016; Allen et al. 2018), natal
origin (Phelps et al. 2012), and diet ontogeny (Jacobs et al. 2017). Although sturgeon can resorb
pectoral spine material, spines potentially contain a complete history of movement and dietary
patterns (Veinott and Evans 1999). Stable isotope analysis (SIA) is another useful method for
assessing both movement and diet. By comparing a tissue sample against a standard, it is
possible to ascertain both movement and trophic levels at which individuals feed, provided that a
sufficient amount of isotopes are incorporated into the analyzed tissues. Although sturgeon diet
has been most commonly assessed via SIA using muscle tissue (e.g., Smith et al. 2016) or fin
clip (e.g., French et al. 2013) samples, a recent diet study used pectoral fin spines (Jacobs et al.
2017) raising the prospect for a single structure to provide age, diet, and migration information.
To reduce the potential impact on individuals of a protected species it is important to select the
best tissue type for isotopic analysis; therefore, the potential for using a single structure for both
age and diet assessment warrants investigation.
Growth rates of fishes can be affected by a variety of factors, but diet is one of the most
influential. Shovelnose sturgeon of all sizes and pallid sturgeon <500 mm FL are benthic
invertivores (Hoopes 1960; Held, 1969; Modde and Schmulbach 1977; Carlson et al. 1985;
Grohs et al. 2009). Pallid sturgeon begin to transition to a piscivorous diet at approximately 500
mm FL (Coker 1930; Carlson et al. 1985; Gerrity et al. 2006; Grohs et al. 2009; French 2013),
but both species are opportunistic feeders and consume what is readily available (Keenlyne
1997; Gerrity et al. 2006; Hoover et al. 2007; Wanner et al. 2007). Previous studies investigating
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the diet of pallid sturgeon have reported conflicting information regarding both time of diet
ontogeny and diet composition. This may be because gut content studies offer a snapshot of
current food consumption, the importance of prey species is difficult to elucidate and may vary
depending on the method used for reporting. Additional problems encountered with gut content
studies are the large number of empty stomachs encountered (Gerrity et al. 2006; Wanner et al.
2007; Grohs et al. 2009) through invasive field procedures such as gastric lavage (e.g., Gerrity et
al. 2006; Wanner et al. 2007) or colonic flushing (e.g., Hoover et al. 2007). One method to
address the question of long-term diet trends and mitigate the problem of empty stomachs is the
use of stable isotopes.
Use of 13C and 15N stable isotopes provides an estimate of trophic positions and longterm prey sources (Peterson and Fry 1987). Although prior gut content studies have indicated
that diet transition in pallid sturgeon begins at approximately 500 mm FL (e.g., Wanner et al.
2007; French et al. 2013), a more recent study reported that transition begins as early as 300 mm
FL (Dutton 2018). Additional uncertainty regarding diet arises from how gut content studies are
reported. The two most commonly used methods of reporting prey items are frequency of (or
percent) occurrence and percent composition by weight (viz. Hoover et al. 2007; Wanner et al.
2007). Frequency of occurrence gives more importance to invertebrate prey and percent
composition by weight gives more importance to fish (Hart et al. 2002; Baker et al. 2014).
Stable isotope analysis can be used to further assess the importance of prey (i.e., invertebrates vs
fish; French et al. 2013), thus alleviating confusion inherent in the gut content reporting methods.
Given the importance of growth rates to the management and recovery of pallid sturgeon
and shovelnose sturgeon, this study proceeded with the objectives: 1) to assess differences in
growth rate of pallid sturgeon throughout the range of pallid sturgeon; 2) to assess differences in
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growth rate of shovelnose sturgeon throughout the range of pallid sturgeon; and, 3) to relate
growth rates of pallid sturgeon and shovelnose sturgeon throughout the sympatric range. To
evaluate the potential for using a single structure for both age assessment and diet assessment via
stable isotopes, this study evaluated whether fin spines provide measures of δ13C and δ15N
similar to those obtained from fin clips for adult shovelnose sturgeon. In order to help clarify the
trophic level occupied by pallid sturgeon and shovelnose sturgeon, and therefore elucidate the
importance of prey (invertebrate or fish) and their impact upon growth rates, this study
proceeded with the following objectives: 4) to determine whether pallid sturgeon exhibit
ontogenetic diet shifts and, if so, at what size the diet changes and whether the size varies among
river reaches; 5) to determine whether shovelnose sturgeon exhibit ontogenetic diet shifts and, if
so, at what size the diet changes and whether the size varies among river reaches; 6) to assess
relationships between growth rate and diet for >600 mm and 300-500 mm FL shovelnose
sturgeon throughout their sympatric range with pallid sturgeon; and, 7) to assess relationships
between growth rate and diet for ≥ 700 mm and < 500 mm FL pallid sturgeon.
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Table 1.1

Estimated age range, sample size, and coefficient of variation of ageing studies of
six sturgeon species using pectoral fin spines.
Study

Estimated age
range (years)

N

CV (%)

Stevenson and Secor 1999

9-34

634

4.8

Dunton et al. 2016

2-35

64

3.8

Kehler et al. 2018

1-8

520

1.7

pallid

Koch et al. 2011

1-7

36

11.2-16.0

Persian

Bakhshalizadeh et al. 2011

4-39

148

4.8

DeVries 2006

1-14

68

4.6

Woodland and Secor 2007

5-30

554

4.0

Jackson et al. 2007

5-20

136

~ 8.0

Nepal et al. 2015

0-25
(excluding 2-4)

305

2.4

Rien and Beamesderfer
1994

2-104

935

7.8

Sturgeon species

Atlantic

shortnose

shovelnose

white
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CHAPTER II
GROWTH COMPARISONS OF SYMPATRIC PALLID STURGEON AND SHOVELNOSE
STURGEON

This chapter was prepared for future submission to the Journal of Applied Ichthyology
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2.1

Abstract
Assessment of growth is fundamental to management and recovery efforts for both

endangered pallid sturgeon Scaphirhynchus albus and threatened shovelnose sturgeon S.
platorynchus. This study used capture records from the Missouri and Mississippi rivers to
evaluate growth of both sympatric sturgeon species. Six potential growth models were
constructed and evaluated, and the logistic model was found to have the best fit. A
comprehensive logistic model incorporating mean lengths at age from throughout both species
sympatric range was constructed for each species. However, pallid sturgeon from the upper
Missouri River grew more slowly than those from other portions of their range until age 9 and,
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thus, were excluded from the comprehensive model. Although a direct latitudinal trend may
exist for pallid sturgeon L∞ in the Missouri River, this did not extend to the Mississippi River.
However, unrealistically high estimates of L∞ in the GPMU may not be the best for assessing any
latitudinal trends. Conversely, no trend between latitude and growth was observed for
shovelnose sturgeon. Both pallid sturgeon and shovelnose sturgeon, until age 10, grew at similar
rates outside of the upper Missouri, where pallid sturgeon grew more slowly until age 10. Our
results suggest that pallid sturgeon from the upper Missouri River show differential growth
relative to other regions, this population could be evaluated separately for management and
recovery decisions.

2.2

Introduction
In September 1990, the U.S. Fish and Wildlife Service (USFWS) listed the pallid

sturgeon Scaphirhynchus albus as an endangered species. Although never considered abundant
(Forbes and Richardson 1905; Bailey and Cross 1954), the apparent reduction in stock sizes has
been attributed to habitat modifications, primarily dam construction and channelization (Dryer
and Sandvol 1993). The shovelnose sturgeon S. platorynchus is a riverine sturgeon that is
sympatric with pallid sturgeon throughout the range of the pallid sturgeon. Unlike pallid
sturgeon, shovelnose sturgeon are relatively common and were once considered a nuisance to
commercial fishermen and destroyed when caught (Coker 1930; Keenlyne 1997). During the
past 20 years, however, many shovelnose sturgeon stocks have declined due to overharvest,
primarily for roe (caviar), and habitat modifications (Keenlyne 1997; Koch and Quist 2010).
Harvest of shovelnose sturgeon is of particular concern because bycatch and inadvertent harvest
26

of morphologically similar pallid sturgeon is suspected of hampering pallid sturgeon recovery
efforts (Colombo et al. 2007; Killgore et al. 2007; Bettoli et al. 2009). Thus, in 2010 the
USFWS listed shovelnose sturgeon as threatened due to its similarity of appearance with pallid
sturgeon.
Factors affecting abundance are essential to recovery of pallid sturgeon and wise
management of shovelnose sturgeon. Growth rate affects the population dynamics of river
sturgeon; it also can be used to infer abiotic and biotic habitat conditions. Fast growth rates are
indicative of healthy individuals and suitable environments, but interpretation of growth rates
requires benchmarks to determine whether growth is fast or slow. Further, reproductive success
is essential if sturgeons are to recover and maintain sustainable and viable populations.
Maturation and fecundity of individual fishes are usually dependent on size rather than age; thus
growth rate influences the onset of maturity and the reproductive output. In addition,
reproduction has high energy demands. River sturgeon are intermittent spawners, and spawning
frequency probably is affected by food supply (both quantity and quality), which should be
reflected by growth rate. Thus, a thorough understanding of factors affecting growth of river
sturgeon contributes significantly to efforts to restore depleted populations.
The pallid sturgeon is a long-lived, riverine sturgeon native to the Missouri River, lower
Yellowstone River, lower and middle Mississippi River, and Atchafalaya River (Figure 2.1;
Bailey and Cross 1954; Kallemeyn 1983). Information regarding reproduction of pallid sturgeon
is limited. Pallid sturgeon males are thought to mature when individuals reach 41-63 cm fork
length (FL), and females mature at 55-82 cm FL and spawn only once every 3-10 years
(Keenlyne and Jenkins 1993). Spawning is thought to occur between March and June in the
Mississippi River and between mid-June and August in the Missouri River (Forbes and
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Richardson 1905). Although spawning has not been observed (Dryer and Sandvol 1993), an 84
mm mesolarva was collected in the Mississippi River upstream of the Ohio River confluence on
24 July 1998 (Hrabik et al. 2007), and four drifting free genetically confirmed wild pallid
sturgeon embryos were collected in May 2014 in the lower Missouri River (Gosch et al. 2016).
The shovelnose sturgeon is a riverine sturgeon native to the Mississippi and Missouri
Rivers and their major tributaries (Keenlyne 1997). Male shovelnose sturgeon mature when
individuals reach 41-63 cm FL, and females mature at 56-68 cm FL (Helms 1974; Morrow et al.
1998; and Quist et al. 2002) and display a variable spawning periodicity that is thought to be
dependent on food supply (Moos 1978). As with pallid sturgeon, spawning has not been directly
observed, but spent females and larval shovelnose sturgeon have been sampled from late April to
June throughout their range (Forbes and Richardson 1920; Coker 1930; Elser et al. 1977;
Keenlyne 1997; Tripp et al. 2009; Phelps et al. 2010).
Pallid sturgeon display latitudinal variations in growth in the Missouri River, but
observations differ among researchers. Carlson and Pflieger (1981) reported that growth of
pallid sturgeon in the upper Missouri River was faster than in the lower Missouri and middle
Mississippi rivers; but Shuman et al. (2011) found that pallid sturgeon in the middle reaches of
the Missouri River had the fastest growth, and those in the northern reaches had the slowest
growth. Shuman et al. (2011) also found that pallid sturgeon in the northern reaches attained the
largest size, and those in the lower Missouri River were the smallest. Shovelnose sturgeon are
smaller than pallid sturgeon, rarely exceeding 4.5 kg (Carlander 1969; Keenlyne 1997).
However, limited studies of shovelnose sturgeon growth have not revealed any latitudinal
variation in growth rate or maximum size (Morrow et al. 1998; Quist et al. 2002).
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Growth rates of fishes can be affected by a variety of factors, but temperature and diet
usually are the most influential. Kappenman et al. (2009) found that water temperature >10°C
was necessary for growth of juvenile shovelnose sturgeon in the upper Missouri River, and
growth rates were greatest at 18-20°C but declined at higher temperatures. Therefore, it is
possible that shovelnose sturgeon (and potentially pallid sturgeon) growth rates may be greater in
middle latitudes, as reported by Shuman et al. (2011). Shuman et al. (2011) speculated that the
underlying cause was suitable water temperatures for growth occur for a longer period midrange
than in more northern populations but without protracted periods of higher temperatures that may
limit growth of southern populations. To date, no study has evaluated growth of Scaphirhynchus
spp. throughout more than 9° of latitude within the range of either species. This study examined
17° of latitude – the full latitudinal and climatic range of pallid sturgeon and shovelnose sturgeon
with the following objectives: 1) to assess differences in growth rate of pallid sturgeon
throughout the range of pallid sturgeon; 2) to assess differences in growth rate of shovelnose
sturgeon where sympatric with pallid sturgeon (i.e., throughout the range of pallid sturgeon) and;
3) to relate growth rates of pallid sturgeon and shovelnose sturgeon throughout the sympatric
range.

2.3
2.3.1

Methods
Study Site
The Mississippi River drainage is the third largest river system in the world in terms of

drainage area (>3.2 million km2; Baker et al. 1991; Schramm and Ickes 2016). It contains more
than 13,000 km of navigable lakes and rivers in the U.S. and drains nearly 41% of the contiguous
U.S. and a portion of Canada (Baker et al. 1991; Schramm and Ickes 2016). Over the past 100
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years, the Mississippi River drainage has become one of the more regulated river systems in the
world (Kesel 2003). The Missouri River and Mississippi River have been heavily modified by
dredging and the construction of dams and a system of levees, dikes, and revetments (Baker et al.
1991; USFWS 2014; Schramm and Ickes 2016). The effect of such large-scale anthropogenic
changes has been the alteration of the hydrograph, blocking of migration routes, and
fragmentation of habitats (Jordan 2007).
The study area for this project was the range for pallid sturgeon, which has been divided
into four distinct management units: the Great Plains Management Unit (GPMU), Central
Lowlands Management Unit (CLMU), Interior Highlands Management Unit (IHMU), and
Coastal Plain Management Unit (CPMU; Figure 2.1; USFWS 2014). The GPMU extends from
the Great Falls of the Missouri River in Montana to Fort Randall Dam, South Dakota (river
kilometer [rkm] 1416), and includes the Yellowstone, Milk, and Marias Rivers. In the sinuous
Yellowstone River, islands, bars, and lateral channel habitats with primarily cobble and gravel
substrates are common (Bramblett and White 2001). In the upper Missouri River, islands and
bars with cobble and gravel substrates are common, but sand becomes the primary substrate in
the river reaches below Fort Peck Dam (Bramblett and White 2001, Gerrity et al. 2008). The
remainder of the Missouri River within this management unit contains a series of dams with
alternating lacustrine and riverine habitats (Shuman et al. 2011).
The CLMU is defined as the Missouri River from Fort Randall Dam to the confluence of
the Grand and Missouri Rivers (rkm 1415–402) and includes the tributaries of the lower Platte
and lower Kansas Rivers. The 76-rkm reach between the dams at Fort Randall and Gavin’s
Point is unique because it contains riverine, delta, and reservoir habitats (Spindler et al. 2012).
The riverine portions contain characteristics such as sand bars and side channels (Wanner et al.
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2007); however, discharge is regulated by the Fort Randall Dam, which results in flow regimes
that do not mimic historical daily and seasonal rise-and-fall patterns, and river stage may change
by as much as 1 m d-1(Wanner et al. 2007; Spindler et al. 2012). The delta reach is characterized
by a large, braided channel formed by sediment transported from the Niobrara River (Spindler et
al. 2012). The roughly 903 rkm downstream from Gavin’s Point Dam to the confluence of the
Grand River is free-flowing but has been channelized by wing dikes that have eliminated many
secondary channels (Braaten and Guy 2002).
The IHMU is defined as the Missouri River from the confluence of the Grand River to
the confluence of the Mississippi River (rkm 401 – 0.0) and the Mississippi River from Keokuk,
Iowa to the confluence of the Ohio River (rkm 585 – 0.0). The Missouri River portion of the
IHMU is characterized by a well-defined main channel preserved by revetted banks and wing
dikes (Winders et al. 2014). The Mississippi River downstream of the Missouri River
confluence is free-flowing but has been channelized by dredging and an extensive network of
wing dikes and revetments (Hurley et al. 2004b; Schramm and Ickes 2016). Increased current
velocity resulting from such a channel maintenance network that fixes the river in its bed has
resulted in a loss of island and secondary channel habitats as well as a reduction in temperature
and depth variability (Sheehan and Rasmussen 1999; Hurley et al. 2004b).
Lastly, the CPMU includes the Mississippi River from the confluence of the Ohio River
downstream to the Gulf of Mexico (rkm 1533 – 0.0) and the Atchafalaya River distributary.
Habitat within the free-flowing CPMU consists of sandbars, secondary channels, and a main
channel maintained by a network of wing dikes and revetted banks (Schramm and Ickes 2016).
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2.3.2

Age Assessment
No pallid sturgeon fin spines were available from the Missouri River (GPMU, CPMU,

and IHMU); thus, capture records (including fork length [FL] and age at capture) for hatcheryreleased fish of known age were used to assess growth rates for the Missouri River. Fin spine
sections were acquired from shovelnose sturgeon from all management units and from lower
Mississippi River pallid sturgeon. Fork length, weight, and location were recorded for each fish
and a fin clip taken for future genetic species confirmation.
The first pectoral fin spine was removed using side cutters to sever the leading spine
immediately distal to the pectoral girdle and separate it from the secondary spine on the left side
(USFWS 2008). Brennan and Cailliet (1989) reported that fin spines were the most precise nonlethal method of age assessment for white sturgeon Acipenser transmontanus and removal does
not affect growth or survival of Atlantic sturgeon Acipenser oxyrinchus oxyrinchus, shortnose
sturgeon Acipenser brevirostrum (Collins and Smith 1996), or white sturgeon (Nguyen et al.
2015) nor reduce the ability of white sturgeon or shovelnose sturgeon to maintain position in
current (Parsons et al. 2003; Nguyen et al. 2015). Previous studies have aged shovelnose
sturgeon with pectoral spines (e.g., Morrow et al. 1998; Everett et al. 2003; Koch et al. 2008;
Phelps et al. 2013; Nepal et al. 2015), and aging shovelnose sturgeon via pectoral spines has
been the most widely used method for aging this species. Although aging Scaphirhynchus spp.
with fin spines has recently been questioned (viz., Hamel et al. 2015), this is the only method
consistently used for endangered pallid sturgeon and threatened shovelnose sturgeon of unknown
age. Rossiter et al. (1995), Bruch et al. (2009), and Braaten et al. (2015) reported that age
accuracy from pectoral spines decreased with increasing age, beginning around age 14, but both
Rossiter et al. (1995) and Bruch et al. (2009) found that fin spines arguably were an accurate and
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precise (100% accuracy, n = 20 fin spines, CV = 0.19%, and 100% accuracy, n = 2 fin spines,
CV = 0%, respectively) ageing structure in younger (< 15 years) lake sturgeon Acipenser
fulvescens. However, several studies have expressed concern with the accuracy of ageing using
pectoral fin spines. Although the data supported their conclusions, studies had small sample
sizes (n = 16, Hurley et al. 2004a; n = 36, Koch et al. 2011), did not consider accuracy based on
year class or indicated trained readers for pallid sturgeon (Koch et al. 2011), used prior data with
low sample size (Hamel et al. 2014), or used methods more appropriate for old fish (> 50 years;
Braaten et al. 2015). Despite the diverse assortment of age evaluation techniques that have been
used to assess sturgeon age, none are 100% accurate. Therefore, owing to the concern about
accuracy of ages assigned from spines of older individuals, individuals estimated to be older than
14 years were excluded from the analysis. Spines for this study were prepared according to Koch
and Quist (2007) and interpreted according to Porter and Schramm (2017; Appendix A) and were
not analyzed as exact ages, but as whole number ages, as only pallid sturgeon from the Missouri
River were of known age.
Reader precision and accuracy are the two primary sources of aging error (Campana
2001). To evaluate precision, Campana et al. (1995) suggested using a combination of
coefficient of variation (CV) to measure bias and precision, an age frequency table to show
paired observations, and an age bias plot to evaluate consistency. Coefficient of variation is
calculated according to the equation:
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(2.1)

where Xij is the ith age determination of the jth fish, Xj is the mean age of the jth fish, and R is
the number of times each fish was aged. Coefficient of variation was calculated for each cohort,
and those values were then averaged across all spines to give a mean estimate of reader precision
(Campana 2001).
No known-age shovelnose sturgeon were available to assess age accuracy; thus, accuracy
was evaluated for pallid sturgeon from the CPMU and applied to shovelnose sturgeon (Porter
and Schramm 2017) using fin spines from five known-age pallid sturgeon (all age 7) and were
also used to train readers to correctly identify annuli. Four of the five were assigned the correct
age of 7 years, while the fifth spine was overaged by 3 years For all other management units, all
pallid sturgeon were of hatchery origin; thus, age was known.
2.3.3

Data Analysis
Pallid sturgeon growth in the Missouri River management units (GPMU, CLMU, and

IHMU) was evaluated using known-age pallid sturgeon from the U.S. Fish and Wildlife Service
(USFWS) recapture database from the Missouri River. Pallid sturgeon growth in the CPMU was
assessed using length and age at capture, where age was evaluated from fin spines. Pallid
sturgeon from the Missouri River less than age 2 (generally < 300 mm FL) were excluded from
analysis because no pallid sturgeon < 2 years were captured in the CPMU, possibly due to the
lack of a reliable method to distinguish pallid sturgeon from shovelnose sturgeon at those ages,
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and no known-age hatchery-released fish. Shovelnose sturgeon growth was assessed for all
management units using length and age at capture, where age was evaluated from fin spines.
Six potential growth models were fitted for each species in each management unit: von
Bertalanffy, Gompertz, Johnson, logistic, power, and linear (Katsanevakis and Maravelias 2008).
Although not expected to provide reliable estimates of growth, the linear model was included
because Shuman et al. (2011) found it provided the best estimates for pallid sturgeon growth in
the upper and middle Missouri River. All models were fitted using least squares nonlinear
regression (PROC NLIN, SAS 9.4, SAS Institute Inc., 2014). The von Bertalanffy growth
equation was fitted for FL according to the equation:
FL𝑡 = 𝐿∞ (1 − 𝑒 −𝑘(𝑡−𝑡0 ) ) ,

(2.2)

where FLt is the fork length at time t, L∞ is the mean asymptotic length, k is a growth coefficient,
and t0 is the time at which length would theoretically be 0. These parameters have the same
meaning in both the Gompertz, logistic, and Johnson models. The Gompertz growth equation
was fitted to FL by the equation:
FL𝑡 = 𝐿∞ 𝑒𝑥𝑝(−𝑒 −𝑘(𝑡−𝑡0 ) ) ,

(2.3)

the logistic growth model used the equation
FL𝑡 = 𝐿∞ (1 + 𝑒 −𝑘(𝑡−𝑡0 ) )

−1

,

(2.4)

and the Johnson model was
FL𝑡 = 𝐿∞

−1
(
)
𝑘(𝑡−𝑡
0)
𝑒

(2.5)
.

The power model used was
FL𝑡 = 𝑎0 + 𝑎1 𝑡 𝑏 ,
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(2.6)

and the linear model was fitted to the equation
FL𝑡 = 𝑎 + 𝑏𝑡 .

(2.7)

Akaike’s Information Criteria (AIC; Akaike, 1973) was used to compare the six growth
models and was calculated using the equation
𝐴𝐼𝐶 = 𝑛 ln (

𝑅𝑆𝑆
) + 2𝑘 ,
𝑛

(2.8)

where RSS is the residual sum of squares, n is number of observations, and k is the number of
parameters plus 2 because the intercept and σ2 values obtained from the regression must be
included as parameters (Burnham and Anderson 2002). To correct for bias because the ratio of
sample size to parameters was less than 40, AICc values were calculated as
𝐴𝐼𝐶𝑐 = 𝐴𝐼𝐶 +

2𝑘(𝑘 + 1)
,
(𝑛 − 𝑘 − 1)

(2.9)

and the model with the lowest AICc was considered best supported by the data (Burnham and
Anderson 2002). The AICc differences were determined using the equation Di = AICi – AICmin,
where AICi is the AIC value calculated for the ith model and AICmin is the lowest model AIC
value within each management unit. Burnham and Anderson (2002) suggest that models with Di
≤ 2 have substantial empirical support, models with Di 4-7 have considerably less support, and Di
> 10 indicate models with very little or no support and that may be removed from consideration.
To further aid model selection, the likelihood (Akaike weights [wi]) of each model was
calculated using the equation

(2.10)
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sturgeon using length and age at capture. To ensure that no management unit overly contributed
to the comprehensive model because of sample size, mean lengths at age for each age (ages 2–
14) and management unit were input to the best-performing model to construct a comprehensive
growth model incorporating data for each species from throughout their sympatric range.
Models were compared using the parameters L∞ and k and applying a Welch’s twosample t test with a Bonferroni correction. Although model parameter estimates of L∞ likely
increased as a result of using length and age at capture, this was the only length data available for
most pallid sturgeon. Differences in growth among management units were assessed by
graphically comparing observed mean lengths at capture and observing where standard error bars
overlapped as well as the comparing mean lengths at capture against the comprehensive model
for that species.

2.4
2.4.1

Results
Pallid sturgeon
Age and length at time of capture data from 6,613 known-age pallid sturgeon from the

GPMU dating from September 1998 until October 2015 were used to construct growth models.
Capture records from April 1998 through October 2015 were available for 3,619 and 547 of
known-age fish in the CLMU and IHMU, respectively. For the CPMU, 172 samples of pectoral
fin spines collected from January 2011 through December 2013 were aged. Age consensus was
reached on 163 of 172 pallid sturgeon fin spines from the CPMU, and only 29 of 163 consensus
pallid sturgeon were older than 14 years. Therefore, pallid sturgeon growth models from the
CPMU were based on a total of 134 fish. Pallid sturgeon ages ranged from 1-17 years in the
GPMU, 0-18 in the CLMU, 0-14 in the IHMU, and 2-26 in the CPMU (Figure 2.2). Sizes
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ranged from 121–1170 mm FL in the GPMU (mean = 406.8, SE = 1.7), 152–1055 mm FL in the
CLMU (mean = 568.8, SE = 2.5), 120–1010 mm FL in the IHMU (mean = 573.6, SE = 6.4), and
346–999 mm FL in the CPMU (mean = 700.9, SE = 8.7; Figure 2.3). Although ager 2 tended to
overestimate ages for pallid sturgeon relative to ager 1, initial agreement rates for spines from
pallid sturgeon were 33.7% with an overall average CV of 5.2% (Table 2.1). Age-bias plots
showed show no apparent age bias present for pallid sturgeon aged ≤ 14 years (Figure 2.4).
Of the six growth models for pallid sturgeon, the von Bertalanffy model failed to
converge for data from the GPMU and was removed from further consideration. The remaining
models from the GPMU were all supported by the data though estimates of L∞ were biologically
unrealistic (Table 2.2) and were subsequently removed from further consideration. For nonasymptotic models, although the linear model had the lowest AICc value in the GPMU, it also
had the lowest pseudo R2 in all management units and thus was excluded from further
consideration in all management units. In the CLMU and CPMU, the best supported models all
assumed asymptotic growth. In the CLMU, IHMU, and CPMU, the logistic growth model was
the best overall model. In the CPMU, the top 3 models were well supported by the data and had
similar trajectories (Figure 2.5). No asymptotic growth models from the GPMU and half of the
models from the CLMU yielded biologically realistic (≥ 25% increase from 1.7 m from the
largest recorded pallid sturgeon) estimates of L∞ and consequently were not compared to similar
models from other management units. Estimates of L∞ were lower than expected but resulted
from including only young fish in the dataset. In the three management units where asymptotic
models provided reliable parameter estimates, no latitudinal trend was observed for L∞ or k in
models (Table 2.3 and 2.4, respectively). When L∞ was compared between management units,
the CLMU differed from both the IHMU and CPMU. For k, a difference between the GPMU
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and both the IHMU and CPMU were observed. No differences were observed between the
IHMU and CPMU for L∞ or k.
The logistic growth model was selected for the comprehensive model because Di
indicated that the model was well supported in each management unit for each species except for
pallid sturgeon from the GPMU, and the average rank Di was lowest for the logistic model across
management units. The GPMU pallid sturgeon data were sufficiently different (viz., age
frequency strongly dominated by young fish) such that no realistic growth parameter estimates
could be derived from the five models; thus, it was treated as a unique unit and was not
incorporated into the comprehensive model. A comprehensive logistic growth model for pallid
sturgeon from the CLMU, IHMU, and CPMU indicated that growth became asymptotic at
966.50 mm FL (k = 0.11; t0 = -2.37). Although capture lengths at age tended to be greater in the
IHMU and less in the CPMU than the lengths predicted from the comprehensive model for pallid
sturgeon > age 11, capture lengths at age for the CLMU, IHMU, and CPMU were all within the
95% confidence limits of the comprehensive model (Figure 2.6). Capture lengths in the GPMU
were consistently lower than those predicted by the comprehensive model and in the other
management units until the fish reached age 12.
2.4.2

Shovelnose sturgeon
From 2013–2015, 74 shovelnose sturgeon pectoral fin spines were collected and aged

from the GPMU, 50 from the CLMU, and 61 from the IHMU. From 2012–2015, 154 spines
from the CPMU were collected and aged. Age consensus was reached on 255 of 256 shovelnose
sturgeon fin spines, and only five of 256 shovelnose sturgeon evaluated in this study were
estimated to be older than 14 years and subsequently excluded from analysis. Shovelnose
sturgeon ages ranged from 1-12 in the GPMU, 3-15 in the CLMU, 0-15 in the IHMU, and 1-18
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in the CPMU (Figure 2.7). Sizes ranged from 270–807 mm FL in the GPMU, 449–708 mm FL
in the CLMU, 192–738 mm FL in the IHMU, and 278–800 mm FL in the CPMU (Figure 2.8).
Although ager 2 tended to underestimate ages relative to ager 1, initial agreement rates for spines
from shovelnose sturgeon were 51.8% with an overall average CV of 6.7% (Table 2.5).
Agreement within 1 year was 78.5% and within 2 years was 94.6%. Age bias plots showed
estimated ages for shovelnose sturgeon were slightly biased for age 10 individuals (Figure 2.9).
Among the six growth models for shovelnose sturgeon, only the linear model in the
CPMU lacked sufficient support to warrant further consideration (Table 2.6). In the CLMU, the
power model failed to converge and was not considered further. For models that assumed
asymptotic growth, no latitudinal trend was observed for L∞ or k and no differences for L∞ or k
between management units were found (Table 2.7 and 2.8, respectively). No management units
had the same order of model ranks, and the only “best” model repeated was the power model in
the GPMU and IHMU. The logistic model was best supported in the CPMU, and the linear
model was best supported in the CLMU (Figure 2.10). Despite lower than expected estimates of
L∞ due to the inclusion of only young fish in the model dataset, no patterns were observed for L∞
and k in models.
The logistic growth model was selected for the comprehensive model for shovelnose
sturgeon because Di indicated that the model was well supported in each management unit.
Additionally, because the average rank Di was equally low for the von Bertalanffy, logistic, and
Gompertz models across management units, the logistic model was selected to allow for more
direct comparisons with pallid sturgeon. The comprehensive model for shovelnose sturgeon
from all management units indicated that asymptotic growth was reached at 719.6 mm FL (k =
0.183; t0 = -1.984). Comparison using 95% confidence intervals between the management units
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and the comprehensive model indicated no consistent differences that would suggest faster or
slower growth in any of the management units (Figure 2.11).
2.4.3

Pallid sturgeon and shovelnose sturgeon growth comparison
Shovelnose sturgeon mean lengths at age were larger than pallid sturgeon from ages 4 to

9 in the GPMU (Figure 2.12). Lengths at age did not differ between species in the CLMU or
IHMU until age 10 when pallid sturgeon were longer than shovelnose sturgeon. Pallid sturgeon
and shovelnose sturgeon lengths at age did not differ from ages 3 to 12 in the CPMU.
Comparisons of L∞ and k indicated that differences between species within management units
were dependent upon which model was selected (Table 2.9). However, any lack of significance
was not surprising as only young fish were used to construct models, thus pallid sturgeon growth
in the GPMU and CLMU did not become asymptotic often leading to unrealistic parameter
estimates of L∞.

2.5

Discussion
This study was the first to examine and compare growth patterns across the entire

latitudinal sympatric range of pallid sturgeon and shovelnose sturgeons. Several important
findings resulted: first, pallid sturgeon from the GPMU (most northern) grow more slowly than
those from the more southerly management units from age 2-11; second, there was no
discernable latitudinal pattern of growth for shovelnose sturgeon; and third, pallid sturgeon grew
more slowly than shovelnose sturgeon in the GPMU, while both species generally displayed
similar growth up to age 14 years in the remaining management units.
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Ageing accuracy is cause for concern primarily given the importance of age data to
estimating growth rate and age at maturity. Given that fin spines are the most accurate ageing
structure that can be nonlethally removed (Collins and Smith 1996; Parsons et al. 2003; Nguyen
et al. 2016) and the absence of any alternative method that is 100% accurate, it should be
understood that some ageing error will occur (Killgore et al. 2007; Hamel et al. 2016). This
study attempted to reduce ageing error by using young (≤ 14 years) pallid sturgeon and
shovelnose sturgeon so annuli were enumerated more easily. Further, the use of known-age
pectoral fin spines to train readers likely resulted in CVs lower than in prior studies (e.g.,
Jackson et al. 2007; Koch et al. 2011). However, differences in reporting precision are difficult
to evaluate given the variety of methods used (e.g., percent agreement, CV, and average percent
error [APE]). For example, percent agreement can vary widely among ages within a species and
between species (Campana 2001) and CV values always exceed those of APE (Chang 1982).
An expected consequence of using fish ≤ 14 years was that estimates of L∞ would be
lower than prior studies for both species. Pallid sturgeon estimates of L∞ were approximately 320% higher than in other studies (Killgore et al. 2007; Shuman et al. 2011). However, this is
likely a result of the cohorts included in model as Shuman et al. (2011) used fish ≤ 10 years.
Von Bertalanffy models constructed by Killgore et al. (2007) included fish age 5-14 for the
middle Mississippi River (IHMU) but ages 3-21 for the lower Mississippi River (CPMU). If
pectoral fin spine accuracy decreases after age 14, then it is likely that sufficient numbers of
spines were overestimated for age, thereby decreasing L∞. However, shovelnose sturgeon L∞
estimates for this study were within range of other studies (range: 515-842; Morrow et al. 1998;
Quist et al. 2002; Everett et al. 2003; Pierce et al. 2004; Anderson 2010; Tripp et al. 2009; Nepal
et al. 2015). The lack of older fish within the modelling dataset also resulted in widely
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distributed estimates of L∞. To date, only Shuman et al. (2011) considered models other than the
von Bertalanffy to describe growth of either species of sturgeon. Given the disparity between
estimates, an a priori selection approach to growth models such as the von Bertalanffy may not
give the most biologically meaningful estimates; thus, occasional evaluation of the most
applicable growth model is recommended.
2.5.1

Growth
Growth of pallid sturgeon was slowest in the GPMU while no differences in growth of

shovelnose sturgeon among management units were observed. One difference in growth
between species was found in the GPMU such that pallid sturgeon grew slower than shovelnose
sturgeon until age 10. Another difference was that in the CLMU and IHMU, pallid sturgeon
were larger than shovelnose sturgeon starting at age 10. In the CPMU, mean length at age for
both sturgeon species were similar through age 12.
In the GPMU and CLMU, models of pallid sturgeon growth suggest growth was linear.
However, the influence of the abundance of small fish and scarcity of larger, older fish probably
biased the models. The pallid sturgeon population in the GPMU consisted almost exclusively of
hatchery-produced fish that were first stocked in 1997–1998 (USFWS 2014). Field observations
in the GPMU indicate pallid sturgeon take at least 16 years to reach maturity (C. Guy, U.S.
Geological Survey, personal communication); therefore, growth probably would begin to slow
with the oldest fish included in this study. Growth decreases with the initiation of maturity for
many fish species (Roff 1983). Therefore, as a consequence of the large number of small, young
individuals and few large adults encountered when sampling, all pallid sturgeon growth curves in
the GPMU and half in the CLMU produced unrealistically high estimates of L∞ and k. Shuman
et al. (2011) reported that pallid sturgeon display countergradient growth (growth per number of
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growing days is directly related to latitude, as determined by estimates of and thus faster growth
occurs in higher latitudes) in the Missouri River. However, temperature (viz., growing days) was
not considered and biologically unrealistic estimates of L∞ and k obtained by Shuman et al.
(2011) may not be the best support for countergradient growth. Alternatively, hybridization
between pallid sturgeon and shovelnose sturgeon (Carlson et al. 1985; Jordan et al. 2019) may
have confounded results for pallid sturgeon from the CPMU, thus obscuring any latitudinal
trend.
When compared with the other management units, pallid sturgeon from the GPMU were
substantially smaller until age 11. Consequently, as pallid sturgeon from the GPMU appear to
grow more slowly than pallid sturgeon from lower latitudes, the exclusion from analyses and the
subsequent comprehensive growth model of individuals from the GPMU was considered
justified. One explanation for the disparity in mean size at age for juvenile pallid sturgeon
between the GPMU and other management units is that the optimal temperatures reported for
pallid sturgeon growth are rarely encountered in the GPMU (Chipps et al. 2010). Chipps et al.
(2010) found the optimal temperature range for 200-400 mm FL pallid sturgeon growth was 2528°C. Although the optimal range for growth in the CLMU, IHMU, and CPMU averaged (20052011) 47, 31, and 22 days annually, respectively, water temperature in the GPMU rarely (n = 15)
reached 25°C (Figure 2.13). In previous years, such temperatures were also rarely (< 2 weeks)
reached (Bergman et al. 2008; Chipps et al. 2010). Further, prey consumption rates decline with
decreasing water temperatures, which lowers energy available for pallid sturgeon somatic growth
(Chipps et al. 2010). The number of days from 2005-2011 that water temperatures were ≤ 12°C
averaged 216 days annually in the GPMU while the CLMU, IHMU, and CPMU had fewer days
with water temperatures ≤ 12°C (190, 143, and 124, respectively). Therefore, the prolonged cold
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water temperatures in addition to the lack of any time within the optimal growth temperature
range may explain the slow growth of GPMU pallid sturgeon until diet transition begins around
age 10-11 (approximately 583-683 mm FL).
In the CPMU, growth of pallid sturgeon, as determined through pectoral fin spines,
slowed sooner than in more northern management units possibly due to prolonged exposure to
high water temperatures. Chipps et al. (2010) reported that lethal temperature for juvenile pallid
sturgeon was approximately 35°C, though Jobling (1997) indicated that such a threshold may
decrease with increasing body size if this applies to pallid sturgeon. On average, the CPMU had
about 60 days yr-1 with water temperatures between optimal growth and lethal. Water
temperature is negatively related to oxygen solubility, elevated temperatures increase oxygen
requirements, and higher temperatures result in greater stress on the respiratory and circulatory
systems to supply oxygen (Jobling 1997; Chipps et al. 2010). This requires additional energy
consumption, which further increases oxygen demand (Jobling 1997). However, as water
temperature rises above optimal growth levels, feeding rates begin to decline (Jobling 1997)
resulting in lower available energy that can be allocated to growth.
Unlike pallid sturgeon, this study found no observable trends in L∞, k, or mean lengths at
age for shovelnose sturgeon by any considered model. Water temperature and food are generally
two of the most influential factors affecting growth (Shuman et al. 2011). Hamel et al. (2015)
compared shovelnose sturgeon from similar latitudes in the Missouri River (rkm 1207-1305),
Mississippi River (pools 8-10), and Wabash River and found that shovelnose sturgeon in Wabash
River attained the largest maximum size followed by the Mississippi River and then the Missouri
River; however there were no observed latitudinal trends. The results from this study and Hamel
et al. (2015) suggest that latitude, and thus temperature, has less influence on growth than other
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factors. As invertebrate communities are directly influenced by habitat alterations (Bunn and
Arthington 2002; Pegg et al. 2003) and Hamel et al. (2015) and this study did not observe any
patterns in maximum size or growth rates of shovelnose sturgeon between altered (e.g.,
impounded) and free-flowing river reaches, it is unclear what the driving mechanism is for
growth of shovelnose sturgeon.
Pallid sturgeon mean lengths at age outside the GPMU was consistently, though not
statistically, larger than shovelnose sturgeon though significance depended on which model was
examined. Within the GPMU, pallid sturgeon were consistently smaller than shovelnose
sturgeon of the same age until age 10. Although small, young pallid sturgeon and shovelnose
sturgeon of all sizes and ages consume macroinvertebrates, habitat use and prey selection differs
(viz., Bramblett and White 2001; Hoover et al. 2007). A possible explanation for the difference
in growth between sturgeon species from the GPMU may be because that is where most stock
supplementation of pallid sturgeon has occurred (Bergman et al. 2008), thus increasing the
potential for intraspecific competition. As a result, the number of juvenile pallid sturgeon
stocked in the upper Missouri River over the past 20 years may be near or has temporarily
exceeded carrying capacity. High stocking rates of juvenile fish can result in depressed growth
(Walters and Post 1993) as observed in the size and age structures in the GPMU. Increased
intraspecific competition can result in lower relative condition, and thus growth, unless a
population expands niche width to exploit another resource (Smith and Skulason 1996; Doebeli
and Dieckmann 2000). Shuman et al. (2011) and Steffensen et al. (2017) reported relative
condition of juvenile pallid sturgeon (400–699 mm FL) from the upper Missouri River (i.e.,
GPMU) was below average. However, Shuman et al. (2011) also noted that relative condition
decreased around ages 6–7. Mean size-at-age for ages 6 and 7 correspond to the approximate
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size (about 500 mm FL) at which diet transition to fish occurs (Gerrity et al. 2006; Wanner et al.
2007; Grohs et al. 2009; French et al. 2013). Prey fish have a higher caloric content than
macroinvertebrates (4473.5 J g-1 and 3065.8 J g-1, respectively; Wildhaber et al. 2015), thus the
amount of energy available for somatic growth would be expected to be higher. However,
decreasing relative condition of pallid sturgeon coupled with the decline in frequency of fish >
500 mm FL suggest that transitional prey availability might be limiting growth (Steffensen
2017). A more recent study (viz., Dutton et al. 2018) reported that diet transition can occur as
small as 300 mm FL. Thus, if carrying capacity for pallid sturgeon has been exceeded through
stocking efforts, earlier diet transition may be a compensatory strategy to reduce resource
pressure.
Schrey and Heist (2007) detected significant genetic differences throughout the range of
pallid sturgeon. The upper Missouri River (GPMU) was the most distinct, and individuals from
the lower CLMU, IHMU, and CPMU were more similar to each other. A similar pattern was
observed in this study in relation to growth of pallid sturgeon with individuals from the GPMU
displaying distinct growth patterns. One possible explanation is that gene flow between most of
the CLMU and the entirety of the IHMU and CPMU is not restricted by impoundments, but flow
into GPMU from other units is. Although pallid sturgeon from the impounded CLMU were not
included in the study by Schrey and Heist (2007), growth observed in this study more closely
resembled individuals from the IHMU and CPMU, suggesting influences on growth include
more than genetics. Currently, the U.S. Fish and Wildlife Service considers a population to be
discrete if it is markedly different from other populations either ecologically, physiologically,
morphologically, behaviorally, or genetically and the loss of which would result in a significant
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gap in the range of the taxon (USFWS 2014). Further, consideration of the GPMU as a discrete
population is supported by both the genetic and growth data.
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Table 2.1
Age
(years)
estimated
by:

Age frequency table summarizing pairwise comparison of age estimates from pallid sturgeon anterior fin spines. Data
are numbers of pallid sturgeon.
Age (years)
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Total

Ager 2
Ager 1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

4
1
2

3
3
1

5
3
2
1

1
3
1
1

4
7
1
2
1

1
4
4
3
1

2
4
8
1
1
1
1

1
4
2
2
3
2

2
2
2
4
2
1

1
2
1
3
4

1
1
4
5
1
1

1
2
4
5
1
2

1
1
1
1
1

1
1
2
2

1

1
1
1
1

1
1
1
1
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4
1
5
9
4
6
12
19
19
12
10
16
19
8
4
7
1
0
1
2
1
1
1
0
0
1

Table 2.2

Model

Six candidate model parameters (± 1 standard error), AIC values and AIC weights of growth models for pallid sturgeon
growth in the Great Plains Management Unit (GPMU), Central Lowlands Management Unit (CLMU), Interior
Highlands Management Unit (IHMU), and Coastal Plains Management Unit (CPMU). The * denotes that the model
failed to converge.
Δi
rank

L∞

t0

k

a

a0

a1

b

-

-

-

-

R2

AICC

Δi

wi

GPMU
von Bertalanffy

*

Gompertz

4

Logistic

3

Johnson

5

Power
Linear
CLMU
von Bertalanffy
Gompertz
Logistic
Johnson
Power
Linear
IHMU
von Bertalanffy
Gompertz
Logistic
Johnson
Power
Linear
CPMU
von Bertalanffy
Gompertz
Logistic
Johnson
Power
Linear

2
1

26377.80 ±
250818.00
2118.20 ± 2835.20
2605515.00 ±
58790399.00

-

-

-

-

-

-

78.59 ± 297.50

0.02 ± 0.05

0.945

111.59

2.87

0.11

19.09 ± 22.83
-103.80 ±
298.80

0.10 ± 0.05
0.001 ±
0.006

0.946

111.37

2.64

0.13

0.945

111.62

2.89

0.11

1.56 ± 0.37
39.40 ± 3.20

0.948
0.932

110.84
108.73

2.12
0.00

0.17
0.48

0.89 ± 0.15
39.05 ± 1.38

0.987
0.988
0.988
0.988
0.987
0.986

91.47
90.96
90.58
91.29
91.71
86.78

4.69
4.18
3.79
4.51
4.93
0.00

0.06
0.08
0.10
0.07
0.05
0.64

0.10 ± 0.44
32.67 ± 4.67

0.871
0.872
0.874
0.869
0.868
0.816

119.52
119.40
119.29
119.73
119.89
118.56

0.96
0.84
0.73
1.17
1.33
0.00

0.15
0.16
0.17
0.14
0.13
0.25

0.53 ± 0.19
28.38 ± 1.73

0.979
0.981
0.982
0.979
0.976
0.961

90.12
89.21
88.44
90.38
92.08
92.79

1.68
0.77
0.00
4.36
3.64
1.95

0.16
0.25
0.36
0.14
0.06
0.04

303.10 ± 43.69

8.08 ± 8.20

214.10 ± 28.26

5
3
2
4
6
1

2837.60 ± 2700.90
1345.70 ± 265.00
1112.20 ± 120.80
2946.70 ± 1219.70

4
3
2
5
6
1

883.80 ± 127.6
851.60 ± 91.40
832.80 ± 72.61
1103.20 ± 242.40

3
2
1
4
5
6

980.10 ± 126.00
890.60 ± 66.31
845.40 ± 43.56
1309.50 ± 227.40

-6.198 ± 1.89
4.71 ± 2.39
6.22 ± 1.55
-16.70 ± 6.44

0.02 ± 0.02
0.08 ± 0.02
0.15 ± 0.02
0.03 ± 0.01
282.10 ± 48.81

53.90 ± 24.98

311.90 ± 12.15
-1.98 ± 1.92
0.71 ± 0.76
2.31 ± 0.71
-3.29 ± 3.52

0.15 ± 0.08
0.20 ± 0.09
0.26 ± 0.09
0.18 ± 0.14
-1622.10 ± 9941.50

1869.80 ± 9824.50

383.70 ± 41.26
-5.03 ± 1.54
-0.27 ± 0.36
1.91 ± 0.46
-8.68 ± 3.51

0.08 ± 0.03
0.13 ± 0.03
0.19 ± 0.03
0.08 ± 0.04
227.60 ± 128.20
394.60 ± 15.31
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135.90 ± 98.02

Table 2.3

Comparison of growth model L∞ parameter estimates for pallid sturgeon from the
Great Plains Management Unit (GPMU), Central Lowlands Management Unit
(CLMU), Interior Highlands Management Unit (IHMU), and Coastal Plains
Management Unit (CPMU). The asterisk indicates the model failed to converge.
The hyphen indicates an estimate was not compared because it was biologically
unrealistic.

Model
von
Bertalanffy

Gompertz

Logistic

Johnson

Management
unit

Management unit, L∞ estimate, and significance

GPMU
CLMU
IHMU
CPMU

GPMU
*
-

CLMU
2837.60
-

IHMU
883.8
P > 0.05

CPMU
P > 0.05
980.1

GPMU
CLMU
IHMU
CPMU

26377.70
-

1345.70
P < 0.05
P < 0.05

P < 0.05
851.60
P > 0.05

P < 0.05
P > 0.05
890.60

GPMU
CLMU
IHMU
CPMU

2118.20
-

1112.20
P < 0.05
P < 0.05

P < 0.05
832.73
P > 0.05

P < 0.05
P > 0.05
845.40

GPMU
CLMU
IHMU
CPMU

2605515.00
-

2946.70
-

1103.20
P > 0.05

P > 0.05
1309.50
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Table 2.4

Comparison of growth model k parameter estimates for pallid sturgeon from the
Great Plains Management Unit (GPMU), Central Lowlands Management Unit
(CLMU), Interior Highlands Management Unit (IHMU), and Coastal Plains
Management Unit (CPMU). The asterisk indicates the model failed to converge.
The hyphen indicates estimates were not compared because it was biologically
unrealistic.

Model
von
Bertalanffy

Gompertz

Logistic

Johnson

Management
unit

Management unit, k estimate, and significance

GPMU
CLMU
IHMU
CPMU

GPMU
*
-

CLMU
0.02
P > 0.05
P > 0.05

IHMU
P > 0.05
0.15
P > 0.05

CPMU
P > 0.05
P > 0.05
0.08

GPMU
CLMU
IHMU
CPMU

0.02
P > 0.05
P < 0.05
P < 0.05

P > 0.05
0.08
P > 0.05
P > 0.05

P < 0.05
P > 0.05
0.20
P > 0.05

P < 0.05
P > 0.05
P > 0.05
0.13

GPMU
CLMU
IHMU
CPMU

0.10
P > 0.05
P < 0.05
P > 0.05

P > 0.05
0.15
P > 0.05
P > 0.05

P < 0.05
P > 0.05
0.26
P > 0.05

P > 0.05
P > 0.05
P > 0.05
0.19

GPMU
CLMU
IHMU
CPMU

0.001
P > 0.05
P > 0.05
P < 0.05

P > 0.05
0.03
P > 0.05
P > 0.05

P > 0.05
P > 0.05
0.18
P > 0.05

P < 0.05
P > 0.05
P > 0.05
0.08
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Table 2.5

Age frequency table summarizing pairwise comparison of age estimates from shovelnose sturgeon anterior fin spines.
Data are numbers of shovelnose sturgeon.
Age
(years)
estimated
by:

Age (years)
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

Total

Ager 2
Ager 1
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

7
14

2
21
1

1
14
4

2
6
12
3

1
3
8
9
2
2

1
4
8
4
6
1

2
2
12
5
3

1
1
8
9
5
6

2
1
5
2
1
1

2
1
2
5
6
2

1
4
2
4
1
1

2
3
1

1
1
3
3

1
3

1
1

1
1
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1

7
16
24
22
20
18
22
28
25
20
16
14
10
6
4
1
1
0
2

Table 2.6

Model

Six candidate growth model parameters (± 1 standard error), AIC values and AIC weights of growth models for
shovelnose sturgeon growth in the Great Plains Management Unit (GPMU), Central Lowlands Management Unit
(CLMU), Interior Highlands Management Unit (IHMU), and Coastal Plains Management Unit (CPMU). The * denotes
that the model failed to converge. The - denotes that the model was unsupported
Δi
rank

L∞

t0

k

a

a0

a1

b

R2

AICC

Δi

wi

GPMU
von Bertalanffy

4

776.50 ± 107.70

-1.947 ± 1.28

0.16 ± 0.08

0.908

113.22

0.55

0.17

Gompertz
Logistic
Johnson
Power
Linear
CLMU
von Bertalanffy
Gompertz
Logistic

5
6
3
2
1

732.10 ± 69.70
709.20 ± 53.78
968.40 ± 181.30

0.57 ± 0.54
1.89 ± 0.58
-3.14 ± 2.28

0.24 ± 0.09
0.32 ± 0.10
0.20 ± 0.12

0.905
0.900
0.910
0.911
0.865

113.70
114.31
112.93
112.91
112.67

1.03
1.64
0.26
0.24
0.00

0.13
0.10
0.19
0.19
0.22

4
3
2

Johnson

5

800.70 ± 358.60
757.20 ± 231.40
730.40 ± 168.10
1038.10 ±

Power
Linear
IHMU
von Bertalanffy
Gompertz
Logistic
Johnson
Power
Linear
CPMU
von Bertalanffy
Gompertz
Logistic
Johnson
Power
Linear

*
1

-

-106.90 ± 593.70

390.30 ± 563.10

313.50 ± 32.44

726.60

-8.68 ± 10.40
-3.98 ± 2.73
-1.45 ± 1.37

0.08 ± 0.12
0.11 ± 0.12
0.15 ± 0.13

0.858
0.859
0.860

94.35
94.28
94.22

4.72
4.65
4.59

0.06
0.07
0.07

-11.79 ± 21.52

0.09 ± 0.20

0.858

94.39

4.76

0.06

0.54 ± 0.81
17.90 ± 2.67

0.856
0.849

94.56
89.63

4.93
0.00

0.06
0.68

0.20 ± 0.33
27.47 ± 4.07

0.871
0.869
0.865
0.872
0.868
0.805

115.26
115.45
115.77
115.11
115.48
114.98

0.28
0.47
0.79
0.13
0.49
0.00

0.17
0.16
0.13
0.19
0.15
0.20

0.35 ± 0.12
27.39 ± 2.18

0.984
0.986
0.986
0.983
0.978
0.929

88.83
87.77
87.36
89.86
93.38
102.79

1.47
0.41
0.00
2.50
6.02
15.43

0.18
0.31
0.38
0.11
0.02
-

336.20 ± 326.90

80.14 ± 246.50

436.50 ± 21.47

3
4
6
2
5
1

697.20 ± 71.44
673.80 ± 51.40
660.50 ± 41.80
845.20 ± 135.70

3
2
1
4
5

781.00 ± 36.83
744.40 ± 23.59
724.20 ± 17.73
985.60 ± 73.36

0.29 ± 0.29
35.32 ± 4.41

-2.14 ± 1.44
-0.001 ± 0.70
1.27 ± 0.59
-2.86 ± 2.33

0.18 ± 0.08
0.26 ± 0.09
0.33 ± 0.11
0.25 ± 0.17
-246.50 ± 1212.70

547.50 ± 1181.40

342.70 ± 32.32
-3.14 ± 0.64
-0.16 ± 0.24
1.50 ± 0.22
-4.75 ± 1.25

0.13 ± 0.02
0.19 ± 0.02
0.26 ± 0.03
0.16 ± 0.04
74.58 ± 153.20
358.10 ± 18.57
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251.10 ± 139.90

Table 2.7

Comparison of growth model L∞ parameter estimates for shovelnose sturgeon from
the Great Plains Management Unit (GPMU), Central Lowlands Management Unit
(CLMU), Interior Highlands Management Unit (IHMU), and Coastal Plains
Management Unit (CPMU). The asterisk indicates the model failed to converge.

Model
von
Bertalanffy

Gompertz

Logistic

Johnson

Management
unit

Management unit, L∞ estimate, and significance

GPMU
CLMU
IHMU
CPMU

GPMU
776.50
P > 0.05
P > 0.05
P > 0.05

CLMU
P > 0.05
800.70
P > 0.05
P > 0.05

IHMU
P > 0.05
P > 0.05
697.20
P > 0.05

CPMU
P > 0.05
P > 0.05
P > 0.05
781.00

GPMU
CLMU
IHMU
CPMU

732.10
P > 0.05
P > 0.05
P > 0.05

P > 0.05
757.20
P > 0.05
P > 0.05

P > 0.05
P > 0.05
673.80
P > 0.05

P > 0.05
P > 0.05
P > 0.05
744.40

GPMU
CLMU
IHMU
CPMU

709.20
P > 0.05
P > 0.05
P > 0.05

P > 0.05
730.40
P > 0.05
P > 0.05

P > 0.05
P > 0.05
660.50
P > 0.05

P > 0.05
P > 0.05
P > 0.05
724.20

GPMU
CLMU
IHMU
CPMU

968.40
P > 0.05
P > 0.05
P > 0.05

P > 0.05
1038.10
P > 0.05
P > 0.05

P > 0.05
P > 0.05
845.20
P > 0.05

P > 0.05
P > 0.05
P > 0.05
985.60
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Table 2.8

Comparison of growth model k parameter estimates for shovelnose sturgeon from
the Great Plains Management Unit (GPMU), Central Lowlands Management Unit
(CLMU), Interior Highlands Management Unit (IHMU), and Coastal Plains
Management Unit (CPMU).

Model
von
Bertalanffy

Gompertz

Logistic

Johnson

Management
unit

Management unit, k estimate, and significance

GPMU
CLMU
IHMU
CPMU

GPMU
0.16
P > 0.05
P > 0.05
P > 0.05

CLMU
P > 0.05
0.08
P > 0.05
P > 0.05

IHMU
P > 0.05
P > 0.05
0.18
P > 0.05

CPMU
P > 0.05
P > 0.05
P > 0.05
0.13

GPMU
CLMU
IHMU
CPMU

0.24
P > 0.05
P > 0.05
P > 0.05

P > 0.05
0.11
P > 0.05
P > 0.05

P > 0.05
P > 0.05
0.26
P > 0.05

P > 0.05
P > 0.05
P > 0.05
0.19

GPMU
CLMU
IHMU
CPMU

0.32
P > 0.05
P > 0.05
P > 0.05

P > 0.05
0.15
P > 0.05
P > 0.05

P > 0.05
P > 0.05
0.33
P > 0.05

P > 0.05
P > 0.05
P > 0.05
0.26

GPMU
CLMU
IHMU
CPMU

0.20
P > 0.05
P > 0.05
P > 0.05

P > 0.05
0.09
P > 0.05
P > 0.05

P > 0.05
P > 0.05
0.25
P > 0.05

P > 0.05
P > 0.05
P > 0.05
0.16
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Table 2.9

Comparison of growth model L∞ (top) and k (bottom) parameter estimates for
pallid sturgeon and shovelnose sturgeon from the Great Plains Management Unit
(GPMU), Central Lowlands Management Unit (CLMU), Interior Highlands
Management Unit (IHMU), and Coastal Plains Management Unit (CPMU). The *
indicates the model failed to converge. Numbers represent P values.
Pallid sturgeon

L∞

von Bertalanffy

Gompertz

GPMU

CLMU

IHMU

CPMU

GPMU

CLMU

IHMU

CPMU

*

0.32

0.11

0.10

0.88

0.05

0.06

0.05

Shovelnose sturgeon

Logistic

Johnson

GPMU

CLMU

IHMU

CPMU

GPMU

CLMU

IHMU

CPMU

0.48

0.10

0.03

0.03

0.95

0.10

0.20

0.12

k
von Bertalanffy

Gompertz

GPMU

CLMU

IHMU

CPMU

GPMU

CLMU

IHMU

CPMU

*

0.48

0.07

0.08

0.03

0.71

0.46

0.05

Logistic

Johnson

GPMU

CLMU

IHMU

CPMU

GPMU

CLMU

IHMU

CPMU

0.04

1.00

0.44

0.05

0.10

0.66

0.61

0.07
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Figure 2.1

The sympatric range of shovelnose sturgeon and pallid sturgeon divided by the
pallid sturgeon management units: Great Plains Management Unit (GPMU),
Central Lowlands Management Unit (CLMU), Interior Highlands Management
Unit (IHMU), and Coastal Plains Management Unit (CPMU). Source: USFWS
(2014).
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Figure 2.2

Age distribution of pallid sturgeon captured from 1998–2015 in the Great Plains
Management Unit (GPMU), Central Lowlands Management Unit (CLMU),
Interior Highlands Management Unit (IHMU), and Coastal Plain Management
Unit (CPMU).
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Figure 2.3

Length frequency of pallid sturgeon (30 mm bins) captured from 1998–2015 in
Great Plains Management Unit (GPMU), Central Lowlands Management Unit
(CLMU), Interior Highlands Management Unit (IHMU), and Coastal Plain
Management Unit (CPMU).
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Figure 2.4

Age bias graph for pallid sturgeon for age comparisons from Table 2.1. Error bars
represent the 95% confidence interval around the mean age as assigned by ager 1
for all fish assigned an age by ager 2. The solid line indicates the 1:1 agreement
line.
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Figure 2.5

Pallid sturgeon growth models for the Great Plains Management Unit (GPMU),
Central Lowlands Management Unit (CLMU), Interior Highlands Management
Unit (IHMU), and Coastal Plain Management Unit (CPMU). The growth models
are logistic model (short dash line), power model (long dash line), Gompertz
model (dotted line), von Bertalanffy model (dash-dot-dot-dash line), the linear
model (dash-dot-dash line), and Johnson model (solid line). Circles represent
individual length and age at capture.

62

Figure 2.6

Mean length at age for pallid sturgeon ages 2-14 for the Great Plains Management
Unit (GPMU), Central Lowlands Management Unit (CLMU), Interior Highlands
Management Unit (IHMU); and Coastal Plain Management Unit (CPMU) and
comprehensive logistic growth model derived from the CLMU, IHMU, and
CPMU. Error bars denote 95% confidence intervals and were only included if
mean lengths at age were outside of the confidence intervals of the comprehensive
model.

63

Figure 2.7

Age distribution of shovelnose sturgeon captured from 2012–2015 in each of the
Great Plains Management Unit (GPMU), Central Lowlands Management Unit
(CLMU), Interior Highlands Management Unit (IHMU), and Coastal Plain
Management Unit (CPMU).
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Figure 2.8

Length frequency of shovelnose sturgeon (30 mm bins) captured from 2012–2015
in each of the Great Plains Management Unit (GPMU), Central Lowlands
Management Unit (CLMU), Interior Highlands Management Unit (IHMU), and
Coastal Plain Management Unit (CPMU).
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Figure 2.9

Age bias graph for shovelnose sturgeon for age comparisons from Table 2.5. Error
bars represent the 95% confidence interval around the mean age as assigned by
ager 1 for all fish assigned an age by ager 2. The solid line indicates the 1:1
agreement line.
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Figure 2.10

Shovelnose sturgeon growth models for the Great Plains Management Unit
(GPMU), Central Lowlands Management Unit (CLMU), Interior Highlands
Management Unit (IHMU), and Coastal Plain Management Unit (CPMU). The
growth models are the logistic model (short dash line), power model (long dash
line), Gompertz model (dotted line), von Bertalanffy model (dash-dot-dot-dash
line), the linear model (dash-dot-dash line), and the Johnson model (solid line).
Circles represent individual length and age at capture.
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Figure 2.11

Mean length at age for shovelnose sturgeon ages 3-12 for the Great Plains
Management Unit (GPMU), Central Lowlands Management Unit (CLMU),
Interior Highlands Management Unit (IHMU), and Coastal Plain Management
Unit (CPMU) and comprehensive logistic growth model. Error bars denote 95%
confidence intervals and were only included if mean lengths at age were outside of
the confidence intervals of the comprehensive model.
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Figure 2.12

Pallid sturgeon (solid line) and shovelnose sturgeon (dashed line) mean length at
age (ages 3–12) for the Great Plains Management Unit (GPMU), Central Lowlands
Management Unit (CLMU), Interior Highlands Management Unit (IHMU), and
Coastal Plain Management Unit (CPMU).
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Figure 2.13

Mean daily temperatures for segments of the GPMU (black dashes), CLMU (grey
dashes), IHMU (solid black line), and CPMU (solid grey line) for 2005-2011
(Source: USGS National Water Information System). The horizontal grey line at
25-28°C represents the optimal temperature range for pallid sturgeon growth
(Chipps et al. 2010).
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CHAPTER III
SIMILARITIES AND DIFFERENCES IN 13C AND 15N STABLE ISOTOPE RATIOS IN TWO
NON-LETHAL TISSUE TYPES FROM SHOVELNOSE STURGEON

This chapter was prepared and formatted for submission to the Journal of Applied Ichthyology

Robert J. DeVries1 and Harold L. Schramm, Jr.2
1

Department of Wildlife, Fisheries, and Aquaculture, Mississippi State University, Mississippi,
39762, USA

2

Retired, U.S. Geological Survey, Mississippi Cooperative Fish and Wildlife Research Unit,
Mississippi, MS, USA

3.1

Abstract
Stable isotope analysis has become a useful and reliable tool for assessing long-term

feeding patterns and trophic interactions. Fin clip δ13C and δ15N have closely approximated
signatures derived from muscle tissue for several fish species, indicating that fin clips may be a
viable option for non-lethal sampling when the organism is large enough to obtain sufficient fin
tissue without impairing the organism. The objective for this study was to compare the δ13C and
δ15N signatures of fin tissue and the pectoral spine; both tissues can be obtained non-lethally, and
the latter is also used for aging individuals. Thirty-two shovelnose sturgeon Scaphirhynchus
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platorynchus (fork length [FL] = 500-724 mm) were sampled from the lower Mississippi River.
Tissue types differed significantly for both δ13C (P<0.01; spine: mean = -23.83, SD = 0.62; fin
clip: mean = -25.74, SD = 0.97) and δ15N (P=0.01; spine: mean = 17.01, SD = 0.51; fin clip:
mean = 17.19, SD = 0.62). Neither FL nor FL-tissue type interaction had significant (P>0.05)
effects on δ13C. Fin clip δ13C values were highly variable and poorly correlated (r = 0.16, P =
0.40) to those from pectoral spines. We found a significant FL-tissue type interaction for δ15N,
reflecting increasing δ15N with FL for spines and decreasing δ15N with FL for fin clips. These
results indicate that spines are not a substitute for fin clip tissue for measuring δ 13C and δ15N for
shovelnose sturgeon, but the two tissues may provide complementary information for assessing
trophic position at different time scales.

3.2

Introduction
Stable isotope analysis (SIA) has become a useful and reliable tool for assessing long-

term feeding patterns and trophic interactions of fishes (Overman and Parrish, 2001). Carbon
isotope ratios (δ13C) can be used to estimate the source of dietary input for an organism (Peterson
and Fry, 1987). In lentic systems, depleted δ13C values (containing less 13C than a comparable
sample or a reference standard) generally indicate pelagic or autochthonous-based food sources,
while enriched values (containing more 13C than a comparable sample or a reference standard)
indicate nearshore or allochthonous food sources (Peterson and Fry, 1987); however, these
relationships are nebulous in lotic systems. Nitrogen isotope ratios can be used to infer trophic
position. Because consumer δ15N ratios show consistent enrichment of approximately 3.4‰
relative to diet, enriched δ15N values indicate consumption of higher trophic-level prey
(Minagawa and Wada, 1984; Vander Zanden et al., 1997; Vander Zanden and Rasmussen, 2001).
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Stable isotope analysis has utility for assessing, among other questions, food resources
and potential diet overlap of endangered pallid sturgeon (Scaphirhynchus albus) and threatened
shovelnose sturgeon (Scaphirhynchus platorynchus). Most SIA use tissue samples obtained by
sacrificing the specimen or biopsies. Sacrificing endangered species is not acceptable, and the
consequences of biopsies that could affect survival (e.g., delayed mortality, infection) or
swimming ability of Scaphirhynchus spp. are not known. Thus, use of readily accessible tissues
that can be obtained without jeopardizing survival of the specimen (hereafter, non-lethal tissues)
is a desirable alternative for SIA of protected species such as sturgeons (Jardine et al., 2005).
Several studies have determined that δ13C and δ15N values derived from fin clips and scales
closely approximate values derived from muscle tissue, indicating that fin clips are a viable
option for non-lethal sampling if the specimen is large enough to provide sufficient tissue (e.g.,
Jardine et al., 2005; Sanderson et al., 2009; Willis et al., 2013). Fin clips are commonly
collected from Scaphirhynchus spp. for genetic analysis, and fin clipping is assumed to pose little
risk for the specimen (e.g., USFWS, 2012). The enlarged leading pectoral fin ray (spine) has
been used to age shovelnose sturgeon (Jackson et al., 2007) and may offer an alternative nonlethal tissue for SIA. Although pectoral spine removal has not been conclusively shown to be
nondeleterious, Collins and Smith (1996) and Parsons et al. (2003) demonstrated that spine
removal had no effect on growth, survival or station-holding ability of sturgeon. Additionally,
ongoing telemetry studies (H. Schramm, U.S. Geological Survey, unpublished data) indicate
high survival of shovelnose sturgeon after surgical implantation of sonic tags and spine removal.
Thus, pectoral spines appear to be non-lethal tissues and provide the additional advantages of
collecting a tissue that can be used for age estimation, may be stored more easily, and may
possibly store diet information from throughout its life history. If pectoral spines provided
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estimates of δ13C and δ15N similar to fin clips, removal of a single tissue could provide for
multiple analyses. The objective of this study was to determine whether fin spines provide
measures of δ13C and δ15N similar to those obtained from fin clips for shovelnose sturgeon larger
than 500 mm fork length (FL).

3.3
3.3.1

Methods
Sample collection
Shovelnose sturgeon were collected from the lower Mississippi River near Greenville,

Mississippi, USA (rkm = 893-933) on 23 February 2013. The pectoral spine was removed from
the right side, and a 1 cm2 section of fin tissue (fin clip) was removed from the left pectoral fin
and placed in a vial of ultrapure water. Both tissues were stored on ice for up to 5 h and frozen.
Stable isotope analysis
Pectoral spines were prepared for stable isotope analysis by first scraping all epidermal
tissue from the surface with a stainless steel scalpel. The pectoral spines were then rinsed with
deionized water and dried at 60°C for 72 h. After drying, each pectoral spine was placed into
individually labeled glass scintillation vials and sent to the Cornell Isotope Laboratory (COIL,
Ithaca, NY; http://www.cobsil.com) where they were homogenized into a fine powder. Each fin
clip was washed with deionized water, dried at 60°C for 72 h, frozen, and pulverized into a fine
powder inside an individually labeled glass scintillation vial using a glass stirring rod.
Approximately 1.1 mg of ground tissue was placed into individual tin capsules and submitted to
the Cornell Isotope Laboratory for analysis. Both tissues were analyzed for carbon (δ13C) and
nitrogen (δ15N) isotope ratios using a Thermo Delta V isotope ratio mass spectrometer interfaced
to a Carlo Erba NC2500 elemental analyzer.
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Isotope values are reported in δ notation as per mille (‰) deviations from the standard
(Pee Dee Belemnite for 13C and atmospheric nitrogen for 15N) using the equation
(𝑅
− 𝑅𝑠𝑡𝑑 )
⁄
δ13 C or δ15 N = [ 𝑠𝑎𝑚𝑝𝑙𝑒
𝑅

𝑠𝑡𝑑

] × 1000 ,

(3.1)

where Rsample is the ratio 13C/12C or 15N/14N in the sample and Rstd is the ratio 13C/12C or 15N/14N
in the standard (Peterson and Fry, 1987). Instrument precision and linearity were calibrated
against powdered mink (Neovison spp.) tissue and methionine standards, respectively. The
standards were analyzed after every 10th sample and resulted in a measurement coefficient of
variation (CV) of 0.11‰ for δ15N and 0.06‰ for δ13C and error associated with linearity was
0.18‰ δ15N and 0.19‰ for δ13C. A corn (Zea spp.) standard and brown trout (Salmo trutta)
standard were used to perform isotope corrections using linear regression with observed isotope
data as the independent variable and expected delta values as the dependent variable. The
resulting relationship was then applied to all raw isotope data.
Measurement of δ13C can be influenced by lipid content and the presence of carbonates.
Lipids are depleted in 13C, and high lipid content could affect results (Pinnegar and Polunin,
1999; Post et al., 2007). Post et al. (2007) found that it was not necessary to account for lipids
when C:N ratio was below 3.5. Because the C:N ratios of pectoral spines (1.4; SE=0.009) and
fin clips (1.5; SE=0.013) were below 3.5, no corrections for lipid content were deemed
necessary. Pectoral spines are calcified structures (Rien and Beamesderfer, 1994), and carbonate
has been documented to result in 13C values that are generally enriched relative to diet
(McCutchan et al., 2003). Perga and Gerdeaux (2003) reported that acid treatment resulted in
increased δ13C and δ15N values, which suggests that more than inorganic carbon is removed
during this process. Therefore, we did not acid wash our spine samples to remove carbonates.
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3.3.2

Data analysis
Fin clip δ15N and δ13C were normally distributed (15Nspine: W = 0.59, 15Nclip: W = 0.36;

13

Cspine: W = 0.15, 13Cclip W = 0.36), thus mean differences between fin clips and spines were

tested with a paired t test (Proc TTEST, SAS 9.3, 2011). Relationships between tissues for δ15N
or δ13C were assessed with Pearson’s correlation (Proc CORR, SAS 9.3, 2011). As FL has been
found to affect stable isotope ratios (Sweeting et al., 2007a; Sweeting et al., 2007b), we
examined relationships between tissue types (fin clips and pectoral spines) for δ15N and δ13C
using mixed model analysis of covariance (Proc MIXED, SAS 9.3, 2011) with FL as a covariate
and specimen as a random effect.

3.4

Results
Pectoral spine and fin clip samples were obtained from 32 shovelnose sturgeon ranging

from 500 to724 mm FL. We found a significant difference for δ15N between tissue types (t31 =
2.33, P = 0.03, spine: mean = 17.01, SD = 0.51; fin clip: mean = 17.19, SD = 0.62) and a strong
correlation between tissue type δ15N values (Figure 3.1A). Fork length was a significant
covariate for δ15N (FL-tissue type interaction: F1,30 = 6.71, P = 0.01; Figure 3.2A), such that δ15N
from fin clips was significantly enriched relative to spines for 500-600 mm FL fish (P < 0.01),
but differences were not significant (P ≥ 0.46) for 650-700 mm FL fish.
Similarly, we found a significant difference between tissue type and isotope values for
δ13C (t31 = -10.14, P<0.0, spine: mean = -23.83, SD = 0.62; fin clip: mean = -25.74, SD = 0.97;
Figure 3.1B), but the δ13C values in each tissue type were poorly correlated. ANCOVA
indicated the FL-tissue type interaction was not significant (F1,30 = 0.81, P = 0.37), and δ13C was
not affected by FL (F1,30 = 1.45, P = 0.24; Figure 3.2B).
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3.5

Discussion
Our goal was to determine whether pectoral spines were a good alternative for fin clips

for measuring nitrogen (δ15N) and carbon (δ13C) isotope ratios of shovelnose sturgeon. Although
δ15N differed between fin clips and pectoral spines, values were closely related, and fin clip δ15N
could be predicted from pectoral spine δ15N when FL was included in the model. Tissue type
significantly affected δ13C, but fin clip δ13C was not correlated with pectoral spine δ13C, and our
data do not support estimating fin clip δ13C from pectoral spine δ13C. Although pectoral spines
do not appear to be a good substitute for fin clips for δ13C for shovelnose sturgeon in the lower
Mississippi River, it is unclear whether the lack of variability in pectoral spines or the high
variability in fin clips resulted in the lack of a relationship between the two tissue types. The
variability observed in fin clip δ13C may have resulted from differential fractionation rates (the
difference between the true amount of 13C and the amount of the isotope incorporated into the
tissue) of each tissue type or more rapid turnover rates in fin clips relative to pectoral spines.
Tieszen et al. (1983) also observed that less metabolically active tissues, such as hair, were
enriched in δ13C and that fractionation rates differed among tissues; thus, they recommended that
multiple tissues of known fractionation and turnover patterns be used to obtain a complete
dietary history of the specimen.
Fin clip δ13C was depleted compared to pectoral spines. One possible explanation is the
presence of carbonate in the pectoral spines. Carbonates can result in enriched 13C relative to
diet (McCutchan et al., 2003). Acid washing of spine samples might have reduced the disparity
between tissues. However, a second problem that precludes using pectoral spines to estimate fin
tissue δ13C is the disparity in variation in δ13C between the two tissues. The greater variation of
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δ13C from fin clips could be partially explained by food source (Post, 2002; Olive et al., 2003).
For example, Andvik et al. (2010) reported that pallid sturgeon (Scaphirhynchus albus) fed
different diets (chironomids vs. fathead minnows Pimephales promelas) had distinctly different
δ15N and δ13C values in white muscle and fin clips after 186 days. However, studies in different
rivers consistently indicate shovelnose sturgeon primarily consume invertebrates and diet does
not change with size (e.g., Carlson et al., 1985; Hoover et al., 2007; Wanner et al., 2007).
Hoover et al. (2007) reported that trichopterans were one of the primary shovelnose sturgeon
prey items during winter months. Rounick et al. (1982) found trichopteran mean δ13C values
varied more than 2‰ in a New Zealand stream. Although data on prey species below the family
level is generally lacking, Hoover et al. (2007) found that shovelnose sturgeon diet during winter
months was more variable than in spring. Thus, assuming that diet isotope composition is
continuously incorporated, 13C variation may also have been influenced by both invertebrate
prey composition and δ13C variability among closely related species. More detailed diet studies
and corresponding isotopic analysis on prey species are needed to better quantify any
relationships of prey species to isotope values in the lower Mississippi River.
Pectoral spine δ15N values were depleted relative to those obtained from fin clips, and the
differences were affected by FL. Vander Zanden and Rasmussen (2001) attributed changes in
δ15N with body size to ontogenetic changes in diets of aquatic predators; however, the difference
in δ15N between tissues we observed, although statistically significant, was less than the 3.4‰
difference expected for a change in trophic level (Minagawa and Wada, 1984). Additionally, the
significant interaction between tissue type and FL indicated a significant difference in δ15N
between tissues in individuals smaller than 600 mm FL but not in larger individuals. This
suggests that conversion between fin clips and fin spines are not reliable. Further studies are
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needed to examine the interaction of length, age, diet, and tissue type on δ15N for shovelnose
sturgeon.
Fin tissue (excluding fin rays or spines) grow by adding and replacing tissue, whereas
pectoral spines grow continuously with subsequent layers presumed to form on the surface and
distal ends of the spine (Hoptak-Solga et al., 2008). Thus, pectoral spines may provide a record
of dietary patterns over the life of the individual, assuming no resorption has occurred, whereas
fin clips may be a good indicator of dietary patterns over a shorter time period. MacNeil et al.
(2006) found that detection of diet changes using δ15N varied depending on the tissue analyzed,
with more metabolically active tissue (i.e., liver) showing diet changes more rapidly than less
metabolically active tissue (i.e., cartilage) in freshwater stingrays (Potamotrygon motoro).
Andvik et al. (2008) reported that pallid sturgeon diet differences were detectable in both fin
clips and muscle tissue after approximately six months. The length of time required for diet
changes to become detectable must therefore be considered when trying to determine timing of
diet ontogeny. Therefore, SIA using different tissue types can provide information about diet
during different portions of the individual’s life. Further, technological advances in mass
spectrometry may reduce the amount of material required so that alternative techniques, such as
micromilling or laser ablation, may be used in measuring isotopic ratios in specific portions of
fin spines, thereby enabling researchers to examine diet over narrow temporal ranges and
compare isotopic ratios at multiple points in time. While SIA is continuing to provide
meaningful assessment of trophic ecology, further research is needed to evaluate tissue turnover
rates and fractionation for fin clips, pectoral spines, and other tissues derived from shovelnose
sturgeon, as well as other sturgeon.
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Figure 3.1

Relationship between δ15N values (A) and δ13C values (B) in fin clips and pectoral
spines from shovelnose sturgeon from the lower Mississippi River. The dotted line
is the 1:1 line.
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Figure 3.2

Relationship of δ15N (A) and δ13C (B) from pectoral spines (diamonds, solid line)
and fin clips (circles, dashed line) and fork length (FL, mm) from shovelnose
sturgeon from the lower Mississippi River.
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4.1

Abstract
Dietary patterns of fish are closely related to growth, which is fundamental for
individual health and also integral to management and recovery of imperiled pallid
sturgeon Scaphirhynchus albus and shovelnose sturgeon S. platorynchus sturgeon native
to the Mississippi and Missouri Rivers, USA. This study compared long-term dietary
patterns using stable isotopes of carbon and nitrogen (δ13C and δ15N, respectively) and
their relationship to growth of both species throughout their sympatric range. Rangewide carbon pathways (δ13C) did not differ with increasing size for pallid sturgeon but
did become enriched (i.e., increased) for shovelnose sturgeon. Among river reaches, δ13C
for both sturgeon species differed except for the upper Missouri River and lower
Mississippi River for pallid sturgeon and the upper Missouri River to the lower Missouri
River and Mississippi River for shovelnose sturgeon. Differing carbon signatures
between species indicated that, even when feeding at similar trophic levels, each sturgeon
species consumed different prey species. Range-wide TP increased with body size for
pallid sturgeon but not for shovelnose sturgeon, indicating pallid sturgeon transition to
feed at a higher trophic level with increasing size. Further, river reach also influenced TP
of pallid sturgeon but not shovelnose sturgeon. Overall, range-wide growth decreased
with feeding at higher TP in pallid sturgeon. Pallid sturgeon growth was not related to
δ13C in the Missouri River. However, growth was negatively related to shovelnose
sturgeon growth in the lower Missouri and lower Mississippi Rivers and suggests a
broader range of prey consumption for shovelnose sturgeon in those reaches. Our results
suggest competition between pallid and shovelnose sturgeons for food resources is low
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and neither species should be used as a surrogate for the other for prey consumption
studies.

4.2

Introduction
Sources of nutrition affect growth rates of a diversity of fishes (Warren and Davis 1967;

McCarthy et al. 1993; Bowen et al. 1995). Fish diets historically have been assessed by analysis
of stomach or gut contents (Hyslop 1980; Baker et al. 2014). Such data, although informative,
only provide a current snapshot of diet (Vander Zanden and Rasmussen 1999). Stable isotopes
have been demonstrated to be effective in examining long-term trends in diet (Peterson and Fry
1987; Fincel et al. 2012). In particular, analyses of the stable isotopes of carbon and nitrogen are
useful for inferring long-term variability in fish diet and, therefore, are used to assess both
carbon pathways (e.g., Rounick and Winterbourn 1986; Hershey et al. 2017) and trophic position
(TP; e.g., Post 2002). Although stable isotope analysis usually involves sampling muscle tissue,
fin clips and scales have been found to detect equivalent differences in isotope measures
(Sanderson et al. 2009; Andvik et al. 2010; Fincel et al. 2012). Collection of fin clips and scales
enables researchers to sample specimens in a non-lethal (Sanderson et al. 2009; Allen et al.
2018) and minimally invasive way, a necessary requisite for studies involving rare or protected
species, such as the pallid sturgeon Scaphirhynchus albus.
Dietary sources of energy in fishes can be determined through analysis of the ratios
between 13C and 12C. Relative values of 13C to 12C in a sample are contrasted against those in a
representative standard source to determine increases (enrichment) or decreases (depletion).
Enrichment indicates that there is more of the lighter isotope ( 12C) than the heavier isotope (13C);
however, as samples are initially compared to a standard (e.g., Vienna PeeDee Belemnite; δ13C)
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with higher levels of the heavier isotope, 13C are reported as negative δ values. As individuals
transition from a diet consisting of invertebrates to fish, isotopic signatures become enriched.
Enriched δ13C (less negative) values typically represent a more piscivorous diet, whereas
depleted (more negative) values represent food sources composed mostly of invertebrates
(Peterson and Fry 1987). Additionally, because carbon ratios do not change with TP (Finlay et
al. 2002), it is possible to assess whether carbon pathways (i.e., energy pathways via dietary
patterns) shift over time (Post 2002).
Unlike carbon, comparing isotopic ratios of 15N to 14N in a sample to the comprehensive
standard of atmospheric air (Mariotti 1983; δ15N) allows direct assessment of the TP at which
individuals are feeding, with higher δ15N (enriched) indicating consumption of higher trophiclevel prey (e.g., fish vs aquatic invertebrates; Minagawa and Wada 1984; Cabana and Rasmussen
1996; Vander Zanden et al. 1997). Such information can be used to evaluate the length of the
food chain related to bottom-up energy transfer (Cabana and Rasmussen 1996). Unlike gut
content studies that attempt to quantify food chain interactions, nitrogen stable isotopes do not
require taxonomic information of all species present and, thus, are free from biases related to
defining variable, large-scale food webs (Peters 1988; Hall and Raffaelli 1993; Cabana and
Rasmussen 1996). However, the effectiveness of δ15N to assess food chain length or TP is
dependent on correcting for variation in nitrogen values of basal sources (Cabana and Rasmussen
1996). Therefore, studies of environmental nitrogen levels available in basal food sources are
required to isotopically evaluate dietary influences on fish growth.
4.2.1

Status of riverine sturgeon
Pallid sturgeon Scaphirhynchus albus are riverine fish native to the Mississippi River and

Missouri River, USA, and were listed as an endangered species by the U.S. Fish and Wildlife
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Service (USFWS) in September 1990 (55 FR 36641-36647, USFWS). Along with declining
population size partially attributed to commercial harvest for roe, harvest of sympatric and
morphologically similar shovelnose sturgeon S. platorynchus was suspected of hampering
recovery efforts due to inadvertent removal of pallid sturgeon (Colombo et al. 2007; Killgore et
al. 2007; Bettoli 2010). Consequently, the shovelnose sturgeon was listed as a threatened species
in 2010 due to its similarity of appearance with pallid sturgeon (75 FR 53598, USFWS; Phelps et
al. 2016).
4.2.2

Diet analysis
Previous studies investigating the diet of pallid sturgeon (e.g., Hoover et al. 2007;

Wanner et al. 2007; Grohs et al. 2009) have been challenged by small sample sizes, often as a
consequence of large number of empty stomachs. Empty stomachs encountered when assessing
stomach contents via gastric lavage (e.g., 30-69% of captured pallid sturgeon from Gerrity et al.
2006 and Wanner et al. 2007 and 60% of shovelnose sturgeon as reported in Wanner et al. 2007).
In addition to pallid sturgeon and shovelnose sturgeon, empty stomachs have been documented
in piscivorous fish such as northern pike Esox lucius (Paradis et al. 2008), smallmouth bass
Micropterus dolomieu (Reyjol et al. 2010), walleye Sander vitreus (Reyjol et al. 2010), cob
Argyrosomus hololepidotus (Whitfield and Blaber 1978), and coral trout Plectropomus spp.
(Matley et al. 2018). Although gastric evacuation rates are not well established for sturgeons
(Venero et al. 2007), empty stomachs are problematic particularly for piscivores as they are able
to satisfy energy requirements more easily with fewer and often larger energy-rich prey and
therefore need to forage less often (Bowen et al. 1995; Arrington et al. 2002). Further, because
studies (Brosse et al. 2002; Wanner 2006) have shown that recovery of prey items decreases 2 h
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after ingestion, spending extended periods of 12 h or more captured by sampling gear increases
the likelihood of egestion or regurgitation of prey (Garvey and Chipps 2013).
Previous dietary studies on pallid sturgeon and shovelnose sturgeon have utilized
different methods for dietary interpretation, leading to conflicting information about prey
importance. The use of percent frequency (i.e., percent of total prey items composed of a single
taxon) confounds interpretation of dietary importance of prey as there is no information
regarding the mass of each prey type (Baker et al. 2014). However, the use of weight alone may
bias conclusions as fish typically have larger weight relative to invertebrates. Consequently, the
former method favors invertebrate prey importance while the latter indicates that prey fish will
be of highest dietary importance. Stable isotope analyses circumvent this problem. Stable
isotope analyses complement stomach content analyses and also permit examination of diet
trends over an extended period (e.g., tissue turnover in pallid sturgeon pelvic fin clips is reported
at 186 days; Andvik et al. 2010).
4.2.3

Recovery management units
Following the listing of pallid sturgeon as an endangered species, six recovery-priority

management areas (RPMA’s) were designated to facilitate species recovery (Dryer and Sandvol
1993). These were based upon sampling records and river reaches thought to still provide
suitable habitat for restoration and recovery of the species (e.g., side channels, sandbars,
confluences of major tributaries or a distributary, and variable depths; USFWS 1993).
Management and recovery areas for both pallid sturgeon and sympatric shovelnose sturgeon
were redefined and condensed into four discrete regions in 2014, in part, based on biogeography
of fish species associated with specific river reaches, common threats, and the potential for
differing strategies to address variable threats within an area (USFWS 2014). For example,
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Gerrity et al. (2006) noted that sicklefin chub Macrhybopsis meeki and sturgeon chub M. gelida
were an important diet component for juvenile pallid sturgeon. Although population sizes have
decreased for both species throughout much of the Missouri River (Rahel and Thel 2004; Galat
et al. 2005), populations are stable in the lower and upper Missouri River (Grady and Milligan
1998; Welker and Scarnecchia 2004). Therefore, management decisions regarding prey species
in the middle Missouri River may be made differently than those in the upper and lower Missouri
River.
4.2.4

Objectives
As ecosystem-based management and recovery decisions have become increasingly used

for pallid sturgeon, knowledge of prey species consumption and preference has become a priority
for managers such that recommendations are being made for the conservation of prey species
(viz., Gerrity et al. 2006). Shovelnose sturgeon of all sizes and pallid sturgeon < 500 mm fork
length (FL) are benthic invertivores (Hoopes 1960; Held, 1969; Modde and Schmulbach 1977;
Carlson et al. 1985; Grohs et al. 2009). Numerous studies have reported that pallid sturgeon
begin to transition to a piscivorous diet at approximately 500 mm FL and dietary transition is
complete by 700 mm FL (Coker 1930; Carlson et al. 1985; Gerrity et al. 2006; Grohs et al. 2009;
French et al. 2013); however, a more recent study reported the transition begins at 300 mm FL
(Dutton 2018). Regardless, both pallid sturgeon < 300-500 mm FL and shovelnose sturgeon are
opportunistic feeders and consume what is readily available (Keenlyne 1997; Gerrity et al. 2006;
Hoover et al. 2007; Wanner et al. 2007). Though insects and fish are both high in protein and
energy, fish have a greater energy density, and consumption of fish by pallid sturgeon would be
expected to be more conducive to the growth of the larger adult pallid sturgeon (Warren and
Davis 1967; Bowen et al. 1995). Several studies have reported low dietary overlap between
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shovelnose sturgeon and pallid sturgeon (Gerrity et al. 2006 [shovelnose sturgeon: mean FL =
525 ± 12 mm pallid sturgeon: mean FL = 538 ± 13 mm]; Hoover et al. 2007 [shovelnose
sturgeon: middle Mississippi River mean FL = 668 mm, SD = 67.0, lower Mississippi River
mean FL = 631 mm, SD = 78.1; pallid sturgeon: middle Mississippi River mean FL = 767 mm,
SD = 84.0, lower Mississippi River mean FL = 673 mm, SD = 86.0]; Wanner et al. 2007 [pallid
sturgeon: range = 355 – 700 mm FL]). However, because both juvenile pallid sturgeon < 500
mm FL and shovelnose sturgeon appear, based on collections, to consume macroinvertebrates,
some level of dietary overlap possibly occurs although the extent is not known (French et al.
2013; Gosch et al. 2018). Therefore, the objectives of this study were to: 1) determine whether
pallid sturgeon exhibit ontogenetic diet shifts and, if so, at what size the diet changes and
whether the size varies among management units; 2) determine whether shovelnose sturgeon
exhibit ontogenetic diet shifts and, if so, at what size the diet changes and whether the size varies
among management units; 3) assess relationships between growth rate and diet for ≤ 500 mm
and ≥ 700 mm FL pallid sturgeon; and, 4) assess relationships between growth rate and diet for ≤
500 mm and ≥ 600 mm FL shovelnose sturgeon throughout their sympatric range with pallid
sturgeon.

4.3
4.3.1

Methods
Study site
The Mississippi River drainage, which includes the entire Missouri River, is the third

largest river system in the world in terms of drainage area (~3.25 million km2; Baker et al. 1991).
It contains more than 13,000 km of the navigable lakes and rivers in the U.S. and drains nearly
41% of the contiguous U.S. and a portion of two Canadian provinces (Schramm and Ickes 2016).
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Over the past 100 years, the Mississippi River drainage has become one of the most regulated
rivers in the world (Kesel 2003). The system has been heavily modified by dredging and the
construction of dams and a system of levees, dikes, and revetments (Baker et al. 1991; USFWS
2014; Schramm and Ickes 2016). The effects of such large-scale anthropogenic changes have
been the alteration of the hydrograph, blocking of fish migration routes, and fragmentation of
habitats (Jordan 2007).
The historic range of pallid sturgeon was divided into four distinct management units to
facilitate management and recovery decisions that may not otherwise be suitable for range-wide
application: (from north to south): the Great Plains Management Unit (GPMU), Central
Lowlands Management Unit (CLMU), and Interior Highlands Management Unit (IHMU) in the
Missouri River, and the IHMU in the middle Mississippi River and Coastal Plain Management
Unit (CPMU) in the lower Mississippi River (Figure 4.1; USFWS 2014). The GPMU extends
from the Great Falls of the Missouri River in Montana to Fort Randall Dam, South Dakota (river
kilometer [rkm] 1416), and includes the Yellowstone, Milk, and Marias Rivers. The CLMU is
classified as the Missouri River from Fort Randall Dam to the confluence of the Grand and
Missouri Rivers (rkm 1415–402) and includes the tributaries of the lower Platte and lower
Kansas Rivers. The IHMU is comprised of the Missouri River from the confluence of the Grand
River to the confluence of the Mississippi River (rkm 401 – 0.0) and the Mississippi River from
Keokuk, Iowa to the confluence of the Ohio River (rkm 585 – 0.0). Lastly, the CPMU includes
the Mississippi River from the confluence of the Ohio River downstream to the Gulf of Mexico
(rkm 1533 – 0.0) and the Atchafalaya River distributary (USFWS 2014).
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4.3.2

Sample collection and preparation
State and federal agencies collected periphyton, pallid sturgeon, and shovelnose sturgeon

samples as part of annual sampling of riverine reaches in Montana (GPMU), Nebraska (CLMU),
Missouri (IHMU), and Mississippi (CPMU) in 2013-2014. An approximately 1 cm2 section of
the pectoral fin (fin clip) was removed from the posterior portion of the left pectoral fin and
placed in a vial of ultrapure water. Approximately 4 cm2 of periphyton were scraped from
navigational buoys or rocks using a scalpel or knife and placed in a 50 ml conical centrifuge tube
with ultrapure water. Both sturgeon fin clips and periphyton samples were then frozen and
stored at -22°C until processing. A second fin clip was collected from each presumed pallid
sturgeon in the lower Mississippi River for future genetic identification.
To prepare periphyton samples for isotopic analysis, zooplankton was removed using a
plastic pipette. The remaining sample was rinsed with deionized water and inspected under a
Nikon SMZ745 stereo microscope (Melville, New York, USA) to remove any organic debris
(Jardine et al. 2013) and dried on individually labelled aluminum foil trays at 60°C for 72 hours.
As complete combustion was expected without the need to grind sample material, dried samples
were weighed to approximately 2.65 (±0.43) mg of material, and placed into individual tin
capsules and submitted to the Cornell Isotope Laboratory (COIL; Ithaca, NY;
http://www.cobsil.com) for analysis.
To prepare fin clips for analysis, tissues were thawed, rinsed with deionized water (Kelly
et al. 2006), and then dried on individual aluminum trays at 60°C for 72 h. After drying, tissues
were carefully ground into a powder using a glass stirring rod in individual scintillation vials to
prevent loss of sample material due to the porous nature of ceramic mortar and pestles. To
ensure sufficient material was submitted for analysis, approximately 1.40 (±0.02) mg was placed
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into individual tin capsules and submitted to the Cornell Isotope Laboratory. Tissues and
baseline samples were analyzed for carbon (δ13C) and nitrogen (δ15N) isotope ratios using a
Thermo Delta V isotope ratio mass spectrometer interfaced to a Carlo Erba NC2500 elemental
analyzer. Sample values obtained for carbon were compared to Vienna-Pee Dee Belemnite (VPDB), while those for nitrogen were compared to atmospheric nitrogen (AIR; Jardine et al.
2003). Corrected sample values were then calculated for both carbon nitrogen and according to
the equation:
δ13C or δ15N = [(Rsample / Rstandard) - 1] * 1000 ,

(4.1)

where Rsample is the ratio of 13C/12C of the sample and Rstandard is the ratio of 13C/12C of the
standard (Jardine et al. 2003). As atmospheric nitrogen has a lower ratio of 15N/14N than that of
submitted samples, sample nitrogen values are expressed as a positive number. Conversely, as
V-PDB has higher ratio of 13C/12C than submitted samples, carbon values are expressed as
negative numbers. Instrument accuracy and linearity were calibrated against powdered mink
(Neovison spp.) tissue and methionine standards, respectively. The standards were analyzed
after every 10th sample and resulted in a measurement coefficient of variation (CV) of 0.11‰
for δ15N and 0.10‰ for δ13C, and error associated with linearity was 0.20‰ δ15N and 0.18‰ for
δ13C. Corn (Zea spp.) and fish (brown trout; Salmo trutta) standards were used to perform
isotope corrections of measurement drift of sturgeon samples using linear regression with
observed isotope data as the independent variable and expected delta values as the dependent
variable. The standard used for isotopic corrections of periphyton samples was rice (Oryza spp.)
of known isotopic composition. The resulting relationships between the standards and sturgeon
fin clips and periphyton were then applied to the appropriate data.
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Values of δ13C can be influenced by lipid content within tissues and the presence of
carbonates. Although lipids are depleted in δ13C, because the C:N ratios were below 3.5 (pallid
sturgeon = 1.47 ± 0.15; shovelnose sturgeon = 1.56 ± 0.13), no corrections were considered
necessary (Post et al. 2007). Fin clips contain a small amount of carbonate, which is enriched in
δ13C compared to diet and depleted relative to δ15N (McCutchan et al. 2003; Jacob et al. 2005).
However, Bunn et al. (1995) and Perga and Gerdeaux (2003) reported that carbonate removal
efforts using acid treatments increased variability of both δ 13C and δ15N in shrimp (Metapenaeus
spp.) muscle. Further, Schlacher and Connolly (2014) suggested that the significant decrease in
δ13C values up to 9‰ reported by Mateo et al. (2008) were caused by acid treatments removing
13

C-enriched dietary carbon, even in muscle tissue. Consequently, no samples were acid washed

to remove inorganic carbon.
4.3.3

Calculation of trophic position
As values of δ15N of organisms at the base of the food chain can be highly variable within

and among systems, it is necessary to adjust δ15N to reflect TP variation and not basal food web
δ15N (Cabana and Rasmussen 1996, Chipps and Garvey 2007). Vander Zanden and Rasmussen
(1999) reported an inverse logistic relationship between δ 15N and δ13C for primary consumers,
which can be used to correct δ15N to obtain TP estimates. Although unionid mussels are
commonly used to determine baseline isotopic carbon and nitrogen values, Jardine et al. (2014)
noted that these are uncommon in many river settings and often have variable diets, thus
rendering such tissues unsuitable as a universal baseline. As a result, and because both primary
and secondary consumers were difficult to obtain among all management units, periphyton was
selected to develop equations for corrected nitrogen δ 15N values (Post 2002). Isotope values
were pooled to create the equations according to Vander Zanden and Rasmussen (1999). Values
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of δ15N were plotted against δ13C and nonlinear regression was used to fit a line to the data using
SAS 9.4 (SAS Institute, Inc., 2013; PROC NLIN; Figure 4.2). The relationship between δ15N
and δ13C was defined by the equation:
𝛿 15 𝑁 = 1.91 𝑒 (−0.05 × 𝛿

13 𝐶)

,

(4.2)

where δ15N is the predicted δ15N of the periphyton and δ13C is the actual δ13C value of the
periphyton (P < 0.001; r2 = 0.27; Vander Zanden and Rasmussen 1999). Next, the residual was
calculated for each periphyton sample according to the equation:
𝑅𝐸𝑆𝐼𝐷 = 𝛿 15 𝑁𝑎𝑐𝑡𝑢𝑎𝑙 − 1.91 𝑒 (−0.05 × 𝛿

13 𝐶)

,

(4.3)

where RESID is the residual value from the prior equation and δ15Nactual is the measured δ15N
value from the periphyton sample (Vander Zanden and Rasmussen 1999). Residual values were
then used to determine a pooled mean residual. The pooled mean residual (μRESID) was inserted
into equation 4.4 to determine corrected δ15N for both pallid sturgeon and shovelnose sturgeon
according to the equation:
𝛿 15 𝑁𝑐𝑜𝑟𝑟 = 1.91 𝑒 (−0.05 × 𝛿

13 𝐶
𝑆𝑇𝑅𝐺 )

+ 𝜇𝑅𝐸𝑆𝐼𝐷 ,

(4.4)

where δ15Ncorr is the corrected δ15N for pallid sturgeon or shovelnose sturgeon and δ13CSTRG is
the actual δ13C for pallid sturgeon or shovelnose sturgeon (Vander Zanden and Rasmussen
1999). Using the corrected δ15N values, TP was calculated according to the equation:
TP = (

𝛿 15 𝑁𝑆𝑇𝑅𝐺 − 𝛿15𝑁𝑐𝑜𝑟𝑟
3.4

)+1

,

(4.5)

where TP is the trophic position for an individual pallid sturgeon or shovelnose sturgeon,
δ15NSTRG is the actual δ15N for that individual, δ15Ncorr is the corrected δ15N from the previous
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equation, 3.4 is the 3.4‰ enrichment level for a consumer (Minagawa and Wada 1984), and “1”
is the TP for producers (Vander Zanden and Rasmussen 1999).
4.3.4

Data analysis
All statistical tests were conducted with SAS 9.4 (SAS Institute, Inc., 2013) and

significance was declared at α = 0.05. To accommodate expected size-dependent differences in
diets, pallid sturgeon and shovelnose sturgeon were divided into two groups based on length (≤
500 [small] and ≥ 700 mm FL [large] for pallid sturgeon and ≤ 500 [small] and ≥ 600 mm FL
[large] for shovelnose sturgeon). Due to low sample size (n=5) from the GPMU, data from 20
pallid sturgeon fin clip samples from French et al. (2013) were also used to supplement TP data.
These samples were only from Recovery Priority Management Area (RPMA) 2 (now the
GPMU), and were collected in the same riverine river section where GPMU samples were
collected for this study.
To evaluate if an interaction between FL and species influenced TP or δ13C throughout
the sympatric range of both species, an ANCOVA (PROC MIXED) was applied with a
Bonferroni adjustment for multiple comparisons. The model used TP or δ13C as the response
variable, species as an independent variable, FL as a covariate, species*FL as the interaction
term, and individual fish as a random effect. If no significant interaction was found, samples for
that species were combined as a single size class for each management unit. If a species could
be combined into a single size class, then ANCOVA with a Bonferroni adjustment for multiple
comparisons was used for each species to evaluate if an interaction between FL and management
unit had an effect on TP or δ13C using TP or δ13C as the response variable, FL as an independent
variable, management unit as a covariate, an interaction term of FL*management unit, and
individual fish as a random effect. A third ANCOVA was used to compare both size classes of
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the other species to the one combined to assess diet shifts. ANOVA (PROC MIXED) was used
to compare size classes of each species within each management unit. Least squared means were
used to determine at what size any differences occurred and regression was used to assess the
relationship between FL and δ13C or TP.
Linear regression was used (PROC GLM) to evaluate the relationship between TP or
δ13C and growth rate. The model was annual growth = TP or δ13C, where annual growth over the
previous year was determined by the best model for each management unit in Chapter 2. The
best growth model for each management unit and species was assessed using AICc and R2, and
growth data were based on stock and recapture records (pallid sturgeon from the Missouri River)
or pectoral fin spines (pallid sturgeon from the CPMU and all shovelnose sturgeon). Data from
each management unit and size group were combined for range-wide analysis (e.g., all data for
pallid sturgeon > 700 mm FL), although any individual pallid sturgeon from the French et al.
(2013) dataset from the GPMU that could not have age verified through capture records was
removed (n = 12). Data were also compared within management units. Growth rate was
assigned based on estimated growth over the prior year based on the best growth model from
Chapter 2. Individuals aged ≤ 1 were excluded from analysis as no individuals from that age
group were sampled in the CPMU. Insufficient numbers (n<5) of small pallid sturgeon were
captured from the CLMU and CPMU, and no shovelnose sturgeon fin spines were obtained from
the GPMU; thus, relationships between growth and diet could not be assessed for the respective
species within management units.
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4.4

Results
A total of 77 pallid sturgeon and 211 shovelnose sturgeon fin clips were obtained in

2013-2014 for analysis. For pallid sturgeon, five were ≤ 500 mm FL (range: 424-491 mm) and
52 were ≥ 700 mm FL (range 182-1170 mm). Twenty-five pallid sturgeon were sampled from
the GPMU (range: 182-1170 mm FL), 18 from the CLMU (range: 424-955 mm FL), and the 34
from the CPMU (range: 477-950 mm FL); no pallid sturgeon samples were obtained from the
IHMU.
Shovelnose sturgeon samples consisted of 90 ≤ 500 mm FL (range: 192-500 mm FL) and
120 ≥ 600 mm FL (range: 600-850 mm FL). A total of 26 shovelnose sturgeon were sampled
from the GPMU (range: 704-850 mm FL), 65 from the CLMU (range: 454-708 mm FL), 57 from
the IHMU (range: 192-738 mm FL), and the CPMU had 62 (range: 237-800 mm FL).
4.4.1

Analyses of δ13C
Analysis of sympatric range-wide δ13C revealed a significant interaction between FL and

species (F1, 287 = 6.16, P = 0.01; Figure 4.3) such that pallid sturgeon δ13C values were more
enriched than shovelnose sturgeon δ13C at shorter lengths. Therefore, separate regressions were
fit for each species: pallid sturgeon: F1, 70 = 0.75, P = 0.39, R2 = 0.01; shovelnose sturgeon: F1, 209
= 7.20, P = 0.01, R2 = 0.03. Comparisons of δ13C values from pallid sturgeon and shovelnose
sturgeon showed significant main effects for species (F1, 287 = 15.73, P < 0.01) but not FL (F1, 287
= 0.96, P = 0.33). Pallid sturgeon δ13C did not change with FL, though δ13C was more enriched
than shovelnose sturgeon until 787 mm FL. To evaluate the effect of including δ13C data from
French et al. (2013) excluding the data resulted in the slope for range-wide pallid sturgeon
changed from a nonsignificant negative relationship to a significant positive one (F1, 51 = 13.44, P
< 0.01, R2 = 0.21).
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A significant interaction was detected between FL and management unit (F2, 65 = 18.41, P
< 0.01; Figure 4.4) for pallid sturgeon, and δ13C values from the GPMU and CLMU did not
differ. Pallid sturgeon δ13C from the GPMU did not change with FL, likely a result of enriched
small pallid sturgeon from French et al. (2013) data. However, δ13C from both the CLMU and
CPMU became more enriched with increasing size. Small (≤ 500 mm FL) pallid sturgeon δ13C
in the GPMU were more enriched than those from the CLMU (Table 4.1), and large (≥ 700 mm
FL) pallid sturgeon δ13C from the CLMU were more enriched than those from the GPMU and
the CPMU (Figure 4.5). Removal of the French et al. (2013) data resulted in the interaction term
remaining significant (F2, 47 = 10.78, P < 0.01) such that the relationship between FL and δ13C
was positive for each management unit. Comparisons of pallid sturgeon and shovelnose
sturgeon within management units indicated that, in the GPMU, pallid sturgeon were more
enriched than shovelnose sturgeon until approximately 760 mm FL (Figure 4.6). In the CLMU,
large pallid sturgeon were more enriched than shovelnose sturgeon and small pallid sturgeon
until 547 mm FL. Large pallid sturgeon in the CPMU showed a trend for enrichment in
comparison to shovelnose sturgeon, but the trend was not significant.
A significant interaction between FL and management unit was also detected for
shovelnose sturgeon (F3, 202 = 24.37, P < 0.01; Figure 4.7). Shovelnose sturgeon δ13C from the
CLMU were the most enriched, individuals from the GPMU were more enriched than those from
the IHMU and CPMU, and δ13C from shovelnose sturgeon in the IHMU were more enriched
than those from the CPMU.
4.4.2

Comparisons of trophic position
Range-wide, a significant interaction between FL and species was detected (F1, 277 =

109.49, P < 0.01; Figure 4.8), such that TP was lower for pallid sturgeon relative to shovelnose
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sturgeon until 606 mm FL (P = 0.04). TP was influenced by FL (F1, 277 =54.12, P < 0.01) and
species (F1, 277 = 109.92, P < 0.01) such that pallid sturgeon TP increased with increasing size but
shovelnose sturgeon did not.
A significant interaction between FL and management unit was not detected for pallid
sturgeon (F2, 65 = 1.87, P = 0.16; Figure 4.9), but both FL and management unit influenced pallid
sturgeon TP (FL: F2, 65 = 39.63, P < 0.01; unit: F2, 65 = 5.07, P = 0.01). Trophic position
increased with increasing size in the GPMU (P < 0.01), CLMU (P < 0.01), and CPMU, though
the increase in the CPMU was not statistically significant, likely as a result of few samples of
small pallid sturgeon ≤ 500 mm FL. Pallid sturgeon TP differed between the GPMU, CLMU,
and CPMU such that large individuals from the CPMU occupied a higher TP than those from the
CLMU and GPMU (P < 0.01; Table 4.2). Trophic position of large pallid sturgeon from the
GPMU was lower than those from the CLMU or CPMU (P < 0.01; Figure 4.10a), and the
CLMU was lower than the CPMU for individuals ≥ 670 mm FL (P < 0.05), suggesting that large
individuals consumed prey at lower TP with increasing latitude. Only small pallid sturgeon from
the CLMU and GPMU could be compared because only a single individual < 500 mm FL was
captured in the CPMU. Between the CLMU and GPMU, pallid sturgeon occupied a higher TP
after 474 mm FL; however, this may be a result of the narrow size distribution of small pallid
sturgeon from the CLMU (Figure 4.10b).
No significant interaction between fork length and management unit was detected (F 3, 206
= 0.96, P = 0.41) for shovelnose sturgeon and neither management unit nor fork length
influenced TP (management unit: F3, 206 = 2.25, P = 0.08; fork length: F3, 206 = 1.63, P = 0.20).
Trophic position of shovelnose sturgeon differed among management units (F3, 206 = 2.25, P =
0.08; Figure 4.11). Like large pallid sturgeon, shovelnose sturgeon in the CPMU occupied the
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highest trophic level followed by the IHMU, CLMU, and GPMU, suggesting that large
individuals consumed prey at lower TP with increasing latitude.
Diet transition based on TP for pallid sturgeon range-wide appeared to begin at
approximately 565 mm FL and continued until approximately 730 mm FL. Pallid sturgeon from
the GPMU and CLMU had similar increases in TP (1.51 and 1.66, respectively), though pallid
sturgeon from the CPMU also increased by one TP (1.04). In the GPMU, TP differed between
size classes and appeared to gradually increase after approximately 300 mm FL (F 1, 23 = 26.37, P
< 0.01; Figure 4.12). A difference in TP for pallid sturgeon from the CLMU was also detected
(F1, 16 = 26.93, P < 0.01), and TP for pallid sturgeon 400-500 mm FL increased more rapidly than
in the GPMU.
Increased interspecific competition range-wide based on TP between pallid sturgeon and
shovelnose sturgeon appeared most likely between 606-608 mm FL. In the CLMU, pallid
sturgeon TP was different from shovelnose sturgeon until approximately 585 mm FL (P < 0.05;
Figure 4.13), while the TP from the CPMU was the same as shovelnose sturgeon until
approximately 615 mm FL (P > 0.05). In both management units, those in the smaller size class
fed at a lower TP. However, no diet shift was statistically detected in the CPMU for pallid
sturgeon (F1, 32 = 0.35, P < 0.56), as only a single small pallid sturgeon was captured for
comparison to those ≥ 700 mm FL.
4.4.3

Relationships between growth and diet
Range-wide, δ13C had a significant positive relationship with pallid sturgeon growth and

was inversely related to growth of shovelnose sturgeon (pallid sturgeon: y = 67.82 + 1.55x, F1, 46
= 5.47, P = 0.02; shovelnose sturgeon: y = -107.91 – 5.31x, F1, 131 = 31.50, P < 0.01; Figure
4.14). Within management units, carbon values were not related to pallid sturgeon growth in the
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GPMU (F1, 11 = 1.41, P = 0.26; Figure 4.15) or CLMU (F1, 10 = 2.90, P = 0.12) but negatively
associated with shovelnose sturgeon growth in the CPMU and IHMU (CPMU: y = -120.83 –
5.77x, F1, 52 = 10.59, P < 0.01; CLMU: F1, 42 = 0.88, P = 0.35; IHMU: y = -337.66 – 14.67x, F1, 33
= 14.18, P < 0.01; Figure 4.16).
Range-wide, TP was negatively related to growth rates for pallid sturgeon but was not
related for shovelnose sturgeon (pallid sturgeon: y = 155.61 – 31.11x, F1, 48 = 24.71, P < 0.01;
shovelnose sturgeon: F1, 131 = 3.67, P = 0.06; Figure 4.17). Growth related to TP differed
between all management units for both species (P < 0.01). For pallid sturgeon growth was faster
outside the GPMU (Chapter 2); however, the difference of TP related growth between the
CLMU and CPMU also differed. Although Chapter 2 did not find a difference between the
CLMU and CPMU, both management units were used to construct a comprehensive model
whereas they were compared separately here. Though not significant, shovelnose sturgeon
growth related to TP was fastest in the IHMU followed by the CPMU. Only the CLMU was
found to be different (slower) than other management units.

Within management units, TP

negatively influenced growth of pallid sturgeon in the CLMU and GPMU (Figure 4.18) but did
not influence shovelnose sturgeon growth (CPMU: F1, 52 = 1.63, P = 0.21; CLMU: F1, 42 = 0.00, P
= 0.96; IHMU: F1, 33 = 1.13, P = 0.30; Figure 4.19).

4.5

Discussion
This study was the first to examine and compare dietary patterns across the sympatric

range of pallid sturgeon and shovelnose sturgeons. Several important findings resulted: first,
despite similar carbon pathways of prey, differing TP further support low dietary overlap
between pallid and shovelnose sturgeons; second, shovelnose sturgeon do not transition towards
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piscivory but may include a wider range of prey items with increasing size; third, pallid sturgeon
appear to begin transitioning towards piscivory at a smaller size than previously reported; and
fourth, TP was negatively related to growth rates for pallid sturgeon but was not related to
growth rates of shovelnose sturgeon.
Despite extensive overlap in δ13C (similar carbon sources), each sturgeon species
occupies different TP and thus have generally low dietary overlap. The transition of pallid
sturgeon from an invertebrate to a piscivorous diet, which supports findings of previous studies
(e.g., Gerrity et al. 2006; Hoover et al. 2006; Wanner et al. 2007), was a brief exception to the
lack of overlap. Results indicate pallid sturgeon and shovelnose sturgeon are opportunistic
feeders as evidenced by the widespread distribution of δ13C. The negative range-wide
relationship between length and δ13C for pallid sturgeon and positive relationship for shovelnose
sturgeon were not as expected given the change in TP observed for pallid sturgeon but not for
shovelnose sturgeon. However, δ13C results indicate that prey species vary throughout the
sympatric range of both species. It was expected that pallid sturgeon δ13C would become
enriched with increased size. However, with increasing size, δ13C became depleted in pallid
sturgeon but remained more enriched than shovelnose sturgeon. Depleted (more negative)
values represent food sources composed mostly of invertebrates, whereas enriched δ13C (less
negative) values typically represent a more piscivorous diet (Pinnegar and Polunin 1999).
Therefore, compatible with the conclusions by previous studies (e.g., Gerrity et al. 2006; Hoover
et al. 2007) that did not observe a dietary shift to piscivory in shovelnose sturgeon, δ13C values
were expected to be depleted relative to large pallid sturgeon and similar to small pallid sturgeon
until the latter transitioned towards piscivory.
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Several explanations may account for the observed deviations from the expected. First,
the assumption of temporally stable levels of environmental 13C in the GPMU between the
French et al. (2013) and this study may not be reasonable. Capture of pallid sturgeon during the
study became increasingly challenging (Landon Holte, Montana Fish, Wildlife, and Parks; Sam
Stukel, US Fish and Wildlife Service; Quentin Phelps, Missouri State University, personal
communications) resulting in smaller-than-expected sample sizes and size ranges, particularly
for pallid sturgeon. Small pallid sturgeon proved to be elusive and only five were captured
range-wide (GPMU: n = 0, CLMU: n = 4, and CPMU: n = 1). Due to the lack of small pallid
sturgeon samples, data for GPMU was supplemented with French et al. (2013) samples which
comprised the entirety of the small pallid sturgeon samples from that management unit. More
large pallid sturgeon were captured (GPMU: n = 5, CLMU: n = 14, and CPMU: n = 33) and the
size ranges of large pallid sturgeon between management units were similar. As few pallid
sturgeon < 500 mm FL (n = 5) were captured range-wide during the course of this study, the
addition of small pallid sturgeon from the French et al. (2013) study (n = 19) influenced the slope
of the regression. The small pallid sturgeon from the GPMU (French et al. 2013) were more
enriched than those from the CLMU while carbon values from larger pallid sturgeon were not.
Removing the French et al. (2013) data from the range-wide dataset, the relationship between FL
and δ13C became positive. This indicates the assumption of stable environmental levels of δ13C
is not valid.
Another possibility may be that the observed carbon pathways for pallid sturgeon could
reflect dietary changes in pallid sturgeon smaller than were sampled in most management units
during this study. Gerrity et al. (2006) and Jacobson et al. (2016) hypothesized that pallid
sturgeon prey availability during early life stages may be limiting growth in the Missouri River.
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If that is the case, then high variability in carbon values would be expected as pallid sturgeon
increase dietary variation to compensate for low abundances of preferred prey, thus broadening
carbon pathways (Dill 1983). This has been observed in estuarine fish assemblages (Feyrer et al.
2003), brown trout Salmo trutta (Hyvärinen and Huusko 2006), slimy sculpin Cottus cognatus,
and lake whitefish Coregonus clupeaformis (Owens and Dittman 2003). Further, δ13C variability
for both sturgeon species would be expected as invertebrate prey composition, and thus 13C,
differs range-wide (e.g., Gerrity et al. 2006; Hoover et al. 2006). Rounick et al. (1982)
documented carbon values of aquatic invertebrates varied by more than 3‰ between the
predatory trichopterans Hydrobiosis clavigera and Psilochorema sp. within one lower order
stream. Although difficult to assess prey δ13C variability as a result of low sample size of small
pallid sturgeon and presence of supplemented data, the widely distributed variability of δ13C
from both pallid sturgeon and shovelnose sturgeon suggest a diet consisting of multiple prey
specie. Further, such variability indicates that both species are opportunistic generalists that may
occasionally consume fish once body size increases sufficiently (Berry 2002).
The observed relationship between TP and FL was expected for each sturgeon species.
Overall, range-wide TP patterns of pallid sturgeon in this study were similar to those of French et
al. (2013) where pallid sturgeon < 500 mm FL foraged at a lower TP and transitioned to higher
levels with increasing size. Notably, although δ15N can become enriched with increasing age in
individual fish (Minagawa and Wada 1984), in this study 15N accumulation over time was likely
not a confounding factor because both species had similar age ranges (2-15 years) in each of the
management units. Thus, because TP increased only for pallid sturgeon, changing nitrogen
values were more related to diet than age. Gut content studies also support increasingly higher
TP (i.e., fish consumption) with increasing size (Gerrity et al. 2006; Hoover et al. 2007; Wanner
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et al. 2007; Grohs et al. 2009; Winders et al. 2014). Based on the results of this study, pallid
sturgeon begin this dietary change at sizes < 400 mm FL. Although prior studies (e.g., Gerrity et
al. 2006; French et al. 2013) reported that pallid sturgeon diet transition occurred between 500800 mm FL, Dutton (2018) reported that diet ontogeny may begin as early as 300 mm FL based
on gut contents, and this study supports that finding.
Isotopic baseline data were collected for this study, thus it was possible to directly
compare management units isotopically for the first time. Pallid sturgeon within all management
units were pallid sturgeon were sampled increased TP with increasing size and large pallid
sturgeon fed at decreasing TP with increasing latitude. Although the diet ontogeny of pallid
sturgeon from macroinvertebrates to include fish has been well documented (e.g., Hoover et al.
2007; Wanner et al. 2007; French et al. 2013), this is the first study to find a latitudinal pattern in
trophic level consumption. One possible explanation may be the relationship between 15N and
impoundments. Gido et al. (2006) reported a downstream pattern in the east-west flowing San
Juan River, New Mexico and Utah, USA. They also noted that the red shiner Cyprinella
lutrensis was less abundant in upstream reaches and speculated that the habitat was suboptimal.
The Missouri River and Mississippi River are two of the most heavily regulated waterways in the
world (Kesel 2003). The reach above the Fort Peck Dam is considered to be the least
hydrologically altered section of the Missouri River (Scott et al. 1997) despite dams located on
the Tiber River and the Missouri River upstream of Great Falls. However, it is unclear if sub-par
habitat could be the cause of feeding at lower TP than in more southerly reaches. The serial
discontinuity concept suggests that species richness, and thus prey species variability, is lower
just below an impoundment due to altered thermal regimes and higher nutrient (e.g., nitrogen)
levels are present downstream of impoundments (Ward and Stanford 1983). Alexander et al.
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(2008) reported that the amount of nitrogen carried downstream in the Missouri River and
Mississippi Rivers increased with decreasing distance to the Gulf of Mexico. Although Gido et
al. (2006) reported elevated levels of nitrogen 44 km below an impoundment; this did not
translate to elevated levels of 15N assimilated within upstream samples. As baseline samples in
this study did not show a latitudinal trend, TP was likely not influenced by higher nitrogen levels
present as a result of land usage or impoundments.
The length over which diet transition occurs in pallid sturgeon was also influenced by
management unit, with fish in more northern units transitioning over a broader size range. In the
GPMU, diet ontogeny appeared to be gradual (~400-1200 mm FL), whereas transition appeared
rapid (400-500 mm FL) based on four samples from the CLMU. Although a diet shift has been
documented in the GPMU (viz., French et al. 2013), a shift was not statistically detected in this
study, possibly resulting from more small pallid sturgeon and few large (>700 mm FL)
individuals. The length at which transition occurs in the CPMU was not possible to ascertain
due to only a single pallid sturgeon < 500 mm FL.
Although pallid sturgeon displayed range-wide dietary changes and shovelnose sturgeon
did not, sturgeon of both species from the GPMU and CLMU fed nearly one full TP lower than
pallid sturgeon from the CPMU. One explanation for this may be a difference in benthic
invertebrate communities. A literature review by Bunn and Arthington (2002) reported that flow
regimes influenced benthic invertebrate communities and that anthropogenic disturbances (e.g.,
impoundments) tend to result in a different community structure than under natural flow. The
GPMU and CLMU both have multiple impoundments that regulate water flow while the IHMU
and CPMU do not. Therefore, it is possible that potentially different benthic invertebrate
communities in the more northern management units are more depleted in 15N than those in the
118

free-flowing southern reaches. A second possible explanation is that, although both sturgeon
species prey on similar benthic invertebrates (e.g., Hydropsychidae, Ephemeridae, and
Chironomidae; Hoover et al. 2007; Wanner et al. 2007; Grohs et al. 2009), species within each
prey group differ in presumed preference and presumably presence or absence, therefore
resulting in differing consumer isotope signatures.
Range-wide TP of shovelnose sturgeon did not change with increasing length nor was
there a pattern among management units. Similarly, prior studies reported no diet ontogeny in
shovelnose sturgeon regardless of management unit (Gerrity et al. 2006; Wanner et al. 2007;
Seibert et al. 2011; French et al. 2013; Phelps et al. 2016). Like French et al. (2013), there was
similarity between pallid sturgeon and shovelnose sturgeon TP at approximately 600 mm FL
though carbon pathways differed between species indicating a different prey base. This suggests
diet overlap (i.e., interspecific competition) may not be a limiting factor for growth in young,
small (< 500 mm FL) sturgeon of either species. Despite unknown reasons why TP consumption
was lower in upstream reaches, Gido et al. (2006) speculated that C. lutrensis was unable to
compete with other species and therefore shifted to a lower TP. Although he was unable to
assess TP, French et al. (2013) found that, for unknown reasons, small (≤ 500 mm FL) pallid
sturgeon δ15N was more depleted than similarly sized shovelnose sturgeon. Although
explanations for a latitudinal trend in TP consumption for pallid sturgeon are unknown, one
possible explanation may be related to density-dependent (intraspecific) competition. Perrson
and Bronmark (2002) reported the timing of diet ontogeny in zander Stizostedion lucioperca was
partially related to cohort density. The GPMU has been the focus of extensive stocking of small
pallid sturgeon (Bergman et al. 2008) for over 20 years. Small fish have a greater mass-specific
metabolism than larger conspecifics and thus need to feed more (Wootton 1994; Krause et al.
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1998; Ward et al. 2006) which results in increased intraspecific competition and declining
preferred prey densities. Indeed, emaciated pallid sturgeon have been observed in the GPMU
(Landon Holte, Montana Fish, Wildlife, and Parks, personal communication) and Steffensen and
Mestl (2016) reported declining relative condition of pallid sturgeon captured throughout the
Missouri River where stocking occurred. The latter suggested limited food resources and suboptimal habitat were the cause. Although no comprehensive macroinvertebrate diversity and
density studies could be found, Hoover et al. (2007) found that pallid sturgeon consumed prey
across a broader taxonomic spectrum than shovelnose in the middle and lower Mississippi River
or both sturgeon species in the upper Missouri River (Wanner et al. 2007). If prey species
consumed is indicative of abundance, then it is possible that the current state of the GPMU and
CLMU is unable to support the supplemented populations. Thus, pallid sturgeon changing TP
consumption towards piscivory may be a strategy to alleviate some pressure on invertebrate food
resources as a result of ecological character displacement (Schluter 2000) and has been observed
in the three-spine stickleback Gasterosteus aculeatus (Svanbäck and Bolnick 2007).
It is unlikely that competition over food resources is a result of increased pressure by
foraging shovelnose sturgeon as this study found little dietary overlap between shovelnose
sturgeon and pallid sturgeon even though both species consume macroinvertebrates (Hoover et
al. 2006; Wanner et al. 2007; Grohs et al. 2009). Despite feeding at a similar TP, differing
carbon pathways indicate differing prey consumption. However, similar to pallid sturgeon TP
consumption, TP consumption for shovelnose sturgeon was the highest in the CPMU and
decreased with increasing latitude. The reason behind this is unknown, but given the lack of
observed and reported emaciated shovelnose sturgeon, it does not appear to be linked to
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competition. However, it may be related to the presence or absence of a variety of prey species.
Regardless, this warrants further investigation.
Range-wide δ13C and TP influenced growth for pallid sturgeon. The negative
relationship between TP and growth for pallid sturgeon could be explained by higher TP
consumption with increasing length coupled with metabolic energy shifting from somatic to
gonadal growth. The positive relationship between δ13C and growth further supports a diet shift.
However, most of the enriched signatures with higher annual growth were from larger
individuals from the CLMU. While enriched values of δ 13C are indicative of piscivory, the cause
of enriched δ13C coupled with increased growth in large and presumably mature, pallid sturgeon
is unknown and should be considered in future studies.
The lack of an observed relationship between TP and growth for shovelnose sturgeon
indicates a lack of dietary ontogeny. However, the negative relationship between δ 13C and
growth was interesting in that enriched values of δ13C with the lowest growth were not
necessarily associated with individuals reaching asymptotic length. This suggests that diet alone
is may not be the primary driving mechanism for shovelnose sturgeon growth..
Although Andvik et al. (2010) determined that changes in diet were detectable
isotopically in fin clips after 186 days; future research should determine the true length of time
required for isotopic turnover in various nonlethal tissues for pallid sturgeon and shovelnose
sturgeon. This would give managers a clearer timeframe for any future disturbances (e.g.,
introduction of non-native species; Post 2002). This, in addition to the establishment of an
isotopic baseline, would give managers the ability to better predict how such disturbances would
affect pallid sturgeon and shovelnose sturgeon populations, thus improving chances of recovery.
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Table 4.1

Comparison of pallid sturgeon and shovelnose sturgeon δ13C between the Great
Plains Management Unit (GPMU), Central Lowlands Management Unit (CLMU),
Interior Highlands Management Unit (IHMU), and Coastal Plain Management
Unit (CPMU). The asterisk denotes significance.

Sturgeon
species

Unit comparison

Difference
between means

pallid
(small)

GPMU – CLMU

2.05

0.59

3.52

*

Pallid
(large)

GPMU – CLMU

-1.50

-2.96

-0.03

*

Pallid
(large)

GPMU – CPMU

1.04

-0.327

2.41

Pallid
(large)

CLMU – CPMU

2.54

1.62

3.46

shovelnose

GPMU – CLMU

-0.60

-1.26

0.05

shovelnose

GPMU – IHMU

0.46

-0.21

1.13

shovelnose

GPMU – CPMU

1.20

0.53

1.86

*

shovelnose

CLMU – IHMU

1.07

0.55

1.58

*

shovelnose

CLMU – CPMU

1.80

1.30

2.30

*

shovelnose

IHMU – CPMU

0.73

0.22

1.25

*
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95% confidence limits

*

Table 4.2

Comparison of pallid sturgeon and shovelnose sturgeon trophic position between
the Great Plains Management Unit (GPMU), Central Lowlands Management Unit
(CLMU), Interior Highlands Management Unit (IHMU), and Coastal Plain
Management Unit (CPMU). The asterisk denotes significance.

Sturgeon
species

Unit comparison

Difference
between means

pallid
(small)

GPMU – CLMU

-0.33

-0.65

-0.01

*

Pallid
(large)

GPMU – CLMU

-0.40

-0.70

-0.10

*

Pallid
(large)

GPMU – CPMU

-0.88

-1.16

-0.60

*

Pallid
(large)

CLMU – CPMU

-0.48

-0.68

-0.29

*

shovelnose

GPMU – CLMU

-0.35

-0.48

-0.22

*

shovelnose

GPMU – IHMU

-0.64

-0.77

-0.51

*

shovelnose

GPMU – CPMU

-0.75

-0.89

-0.62

*

shovelnose

CLMU – IHMU

-0.29

-0.40

-0.19

*

shovelnose

CLMU – CPMU

-0.41

-0.51

-0.31

*

shovelnose

IHMU – CPMU

-0.11

-0.22

-0.01

*
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Figure 4.1

Pallid sturgeon management units: Great Plains Management Unit (GPMU),
Central Lowlands Management Unit (CLMU), Interior Highlands Management
Unit (IHMU), and Coastal Plains Management Unit (CPMU). Source: USFWS
(2014).
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Figure 4.2

Nonlinear regression analysis used to establish baseline δ15N (δ15N = 1.91e(-0.05x
δ13C)
) for pallid sturgeon and shovelnose sturgeon. Data points represent
periphyton samples collected from the Great Plains Management Unit (GPMU;
solid diamonds), Central Lowlands Management Unit (CLMU; plus symbols),
Interior Highlands Management Unit (IHMU; triangle), and Coastal Plains
Management Unit (CPMU; circles).
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Figure 4.3

Range-wide relationship between δ13C and fork length of pallid sturgeon (circles;
y = -0.001x – 23.516; R2 = 0.018) and shovelnose sturgeon (triangles; y = 0.001x –
26.005; R2 = 0.032) throughout their sympatric range.
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Figure 4.4

Relationship between δ13C and fork length of pallid sturgeon (n = 77) by
management unit. Data points represent samples collected from the Great Plains
Management Unit (GPMU; n = 25; solid diamonds; y = -0.001x – 22.688; R2
=0.147), Central Lowlands Management Unit (CLMU; n = 18; plus symbols; y =
0.008x- 29.263; R2 = 0.593), and Coastal Plains Management Unit (CPMU; n =
34; circles; y = 0.005x – 29.08; R2 = 0.164). No pallid sturgeon were captured in
the Interior Highlands Management Unit during the period of this study.
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Figure 4.5

Relationship between δ13C and fork length of small pallid sturgeon (≤ 500 mm FL;
open circles) and large pallid sturgeon (≥ 700 mm FL; solid diamonds) by
management unit. Data points represent samples collected from the Great Plains
Management Unit (GPMU; large: y = -0.001x – 24.534; R² = 0.015; small: y = 0.001x – 22.713; R2 = 0.013), Central Lowlands Management Unit (CLMU; large:
y = 0.013x - 33.305; R² = 0.446; small: y = 0.024x - 36.244; R² = 0.999), and
Coastal Plains Management Unit (CPMU; large: y = 0.007x – 30.424; R2 = 0.183).
No pallid sturgeon were captured in the Interior Highlands Management Unit
during the period of this study.
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Figure 4.6

Relationship between δ13C and fork length of pallid sturgeon (circles, solid line)
and shovelnose sturgeon (triangles, dashed line) by management unit. Data points
represent samples collected from the Great Plains Management Unit (GPMU;
pallid sturgeon: n = 25; y = -0.001x – 22.688; R² = 0.147; shovelnose sturgeon: n =
26; y = 0.021x – 40.307; R2 = 0.425), Central Lowlands Management Unit
(CLMU; pallid sturgeon: n = 18; y = 0.008x – 29.263; R² = 0.593; shovelnose
sturgeon: n = 65; y = -0.009x – 18.953; R² = 0.370), and Coastal Plains
Management Unit (CPMU; pallid sturgeon: n = 34; y = 0.002x – 26.679; R² =
0.01; shovelnose sturgeon: n = 62; y = -0.003x – 27.738; R² = 0.256).
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Figure 4.7

Relationship between δ13C and fork length of shovelnose sturgeon (n = 212) by
management unit. Data points represent samples collected from the Great Plains
Management Unit (GPMU; n = 26; solid diamonds; y = 0.021x – 40.307; R2 =
0.425), Central Lowlands Management Unit (CLMU; n = 65; plus symbols; y = 0.009x – 18.953; R2 = 0.370), Interior Highlands Management Unit (IHMU; n =
78; triangles; y = 0.002x – 26.262; R2 = 0.203), and Coastal Plains Management
Unit (CPMU; n = 77; circles; y = -0.009x – 18.953).
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Figure 4.8

Range-wide relationship of trophic position and fork length between pallid
sturgeon (n = 78; circles; y = 0.003x + 2.043; R2 = 0.657) and shovelnose sturgeon
(n = 214; diamonds; y = -0.0004x + 3.938; R2 = 0.035) throughout their sympatric
range.
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Figure 4.9

Relationship between trophic position and fork length of pallid sturgeon (n = 78)
by management unit. Data points represent samples collected from the Great
Plains Management Unit (GPMU; solid diamonds; y = 0.001x + 2.358; R2 =
0.761), Central Lowlands Management Unit (CLMU; plus symbols; y = 0.002x +
2.327; R2 = 0.568), and Coastal Plains Management Unit (CPMU; circles; y =
0.001x + 3.485; R2 = 0.137). No pallid sturgeon were captured in the Interior
Highlands Management Unit during the period of this study.
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Figure 4.10

Relationship between trophic position and fork length of large pallid sturgeon (≥
700 mm FL; n = 53; A) and small pallid sturgeon (≤ 500 mm FL; n = 23; B) by
management unit. Data points represent samples collected from the Great Plains
Management Unit (GPMU; solid diamonds; large: y = 0.002x + 1.585; R2 = 0.950;
small: y = 0.001x + 2.288; R2 = 0.353), Central Lowlands Management Unit
(CLMU; plus symbols; large: y = 0.0002x + 3.698; R2 = 0.005; small: y = 0.012x 2.503; R2 = 0.859), and Coastal Plains Management Unit (CPMU; circles; y =
0.001x + 3.265; R2 = 0.147). No pallid sturgeon were captured in the Interior
Highlands Management Unit during the period of this study.
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Figure 4.11

Relationship between trophic position and fork length of shovelnose sturgeon (n =
211) by management unit. Data points represent samples collected from the Great
Plains Management Unit (GPMU; solid diamonds; y = -0.0001x + 3.28; R2 =
0.001), Central Lowlands Management Unit (CLMU; plus symbols; y = 0.001x +
3.129; R2 = 0.064), Interior Highlands Management Unit (IHMU; triangles; y =
0.0002x + 3.703; R2 = 0.020) and Coastal Plains Management Unit (CPMU;
circles; y = 0.001x + 3.634; R2 = 0.149).
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Figure 4.12

Relationships between trophic position and fork length of large pallid sturgeon (≥
700 mm FL; circles) and small pallid sturgeon (≤ 500 mm FL; triangles within
management units. Data points represent samples collected from the Great Plains
Management Unit (GPMU; small: y = 0.001x + 2.288), Central Lowlands
Management Unit (CLMU; large: y = 0.0002x + 3.698; small: y = 0.012x – 2.503),
and Coastal Plains Management Unit (CPMU). No pallid sturgeon were captured
in the Interior Highlands Management Unit during the period of this study. No
equations were reported if a significant relationship was not detected.
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Figure 4.13

Relationships between trophic position and fork length of pallid sturgeon (circles)
and shovelnose sturgeon (triangles) by management unit. Data points represent
samples collected from the Great Plains Management Unit (GPMU; pallid
sturgeon: y = 0.001x + 2.365; R2 = 0.765), Central Lowlands Management Unit
(CLMU; pallid sturgeon; y = 0.002x + 2.326; R2 = 0.765; shovelnose sturgeon: y =
0.001x + 3.129; R2 =0.064), and Coastal Plains Management Unit (CPMU). No
pallid sturgeon were captured in the Interior Highlands Management Unit during
the period of this study. No equations were reported if a significant interaction
was not detected.
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Figure 4.14

Range-wide relationship between growth and δ13C for pallid sturgeon (n = 48; y =
1.547x + 67.816) and shovelnose sturgeon (n = 133; y = -5.312x – 107.905).
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Figure 4.15

Relationship between growth and δ13C for pallid sturgeon in the Great Plains
Management Unit (GPMU; n = 11) and Central Lowlands Management Unit
(CLMU; n = 12). No equations were reported as no significant relationships were
detected.

139

Figure 4.16

Relationship between growth and δ13C for shovelnose sturgeon in the Central
Lowlands Management Unit (CLMU; n = 44), Interior Highlands Management
Unit (IHMU; n = 35; y = -14.667x – 337.657), and Coastal Plain Management
Unit (CPMU; n = 54; y = -5.769x – 120.835). No equations were reported if a
significant relationship was not detected.
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Figure 4.17

Range-wide relationship between mean annual growth and trophic position for
pallid sturgeon (n = 48; y = -9.643x + 67.600) and shovelnose sturgeon (n = 133).
No equation was reported if a significant relationship was not detected.
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Figure 4.18

Relationship between growth and trophic position for pallid sturgeon in the Great
Plains Management Unit (GPMU; n = 11; y = -13.834x + 80.092) and Central
Lowlands Unit (CLMU; n = 12; y = -8.111x + 65.416).
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Figure 4.19

Relationship between growth and trophic position for shovelnose sturgeon in the
Central Lowlands Management Unit (CLMU; n = 44), Interior Highlands
Management Unit (IHMU; n = 35), and Coastal Plain Management Unit (CPMU;
n = 54). No equations were reported as no significant relationships were detected.
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APPENDIX A
PROCDEURE FOR COLLECTION, PREPARATION, AND EVALUATION OF PALLID
STURGEON AND SHOVELNOSE STURGEON PECTORAL FIN SPINES
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A.1

Fin spine collection:
1)

Side cutting pliers were used to cut the leading spine from the left pectoral fin
approximately 1-2 mm from the point of insertion (Figure A.1). Future studies
should NOT remove fin ray at point of articulation as in Koch et al. (2008) to avoid
excessive blood loss. There should be little to no bleeding if done correctly. A
sharp knife was used to remove the entire leading spine from the pectoral fin.

2)

The fin spine was placed in a labeled coin envelope with date, species, tag number,
FL, and weight (if necessary) clearly noted.

3)

All coin envelopes were placed in gallon ziploc bags, sealed, and placed on ice.

4)

All samples were frozen < 0°C in the field as soon as possible on the same day as
capture.

A.2

Fin spine preparation:
1)

Spines were removed from freezer and allowed to thaw.

2)

A scalpel was used to debride tissue from spine. The spine was then rinsed of any
remaining tissue, placed back in the original coin envelope and allowed to dry for
approximately 24h at room temperature.

3)

For spines ≤ 2 mm, a plastic 2.0-mL microcentrifuge tube (Fisher Scientific,
Pittsburgh, Pennsylvania) was used to encapsulate the spine according to Koch and
Quist (2007) to prevent breakage during cutting. This was done by first removing
the tapered bottoms and then filling the microcentrifuge tube cap with plumbers
putty available from any hardware store. The spine was placed into the putty with
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the distal end down and the tube body was placed over the spine and cap. The body
of the tube was then filled with Loctite clear epoxy, which set in approximately five
minutes, but was allowed to completely cure for 24h. Larger spines were cut
without encapsulation.
4)

A Buehler IsoMet low speed bone saw (model number 11-1180-160, Buehler Ltd.,
Lake Bluff, Illinois, USA) was used to remove a minimum of three transverse, 0.5mm thick sections from the proximal end of the spine. Five-to-ten drops of baby oil
were added to water in the well to help reduce the occurrence of “burn” marks from
the blades onto the spine sections.

5)

Using the IsoMet saw equipped with a single 102 mm IsoMet diamond wafering
blade (model number 11-4244) for this study, any damage on the proximal end was
removed. From the same end, 3-5 transverse 0.7-mm thick sections were removed
depending on the diameter of the fin spine, each section was kept in the order it was
removed.

6)

A labeled slide with species, date, and sampling area was placed on a hot plate prior
to adding spine sections. The slide was heated until the mounting medium began to
melt (approximately 100°C) before being removed from the hot plate.

7)

For each fin section, a small amount of Crystalbond 509 (Ted Pella Inc., Redding,
CA, USA) mounting adhesive was smeared onto the hot slide and spine sections
were immediately positioned, in order, into adhesive. All sections were gently
pressed down to remove any bubbles while ensuring that no adhesive covered the
top of the section. Once the slide cooled, it was placed in a slide box.
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A.3

Fin spine evaluation:
1)

Wet 600 grit sandpaper was used to polish sections and the residue was
subsequently rinsed off the slide and the slide wiped clean with a kimwipe. Note:
The use of hydrochloric acid to raise presumptive annuli is not recommended for
future studies as it produced no noticeable improvements in interpretation. This
was done using 0.1M HCl where a single drop was placed on a cut section for 10s
then rinsed off and examined under a microscope to evaluate any improvement in
annulus clarity.

2)

The polished and cleaned sections were placed under a Leica S8AP0 microscope;
Leica Microsystems, Wetzlar, Germany) at 32X using transmitted light.

3)

This study also paired a Leica DFC290HD camera to the microscope and a
computer monitor for a total magnification of 234X.

4)

A high definition picture was taken of the fin spine and saved to a computer.

5)

Age assessment was conducted by two people. Each spine was interpreted
independent of others and absent any information that might bias estimation (e.g.,
size or date of collection). Using transmitted light (Figure A.2), concentric
transparent bands were considered annuli and counted (Figure A.3). Occasionally,
reflected light was able to elucidate annuli (note: growth zones appear as opaque
zones under reflected light). Bands were only counted if they continued completely
around the circumference of the spine. In cases where a single bands split into two
bands, it was counted as a single annuli.
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6)

For any age assignment differences, a both readers simultaneously interpreted each
sample and discussed to reach an agreement on age estimation. If an agreement
was not reached, the sample was discarded and not included in any analyses.
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Figure A.1

Removal of the leading pectoral spine using side cutting pliers (top). Post-removal
(bottom) shows little blood.
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Figure A.2

Shovelnose sturgeon pectoral fin spine under reflected light (top) and transmitted
light (bottom).
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Figure A.3

Sectioned pectoral fin spine of a known age-7 pallid sturgeon viewed with
transmitted light. Measurements began in the estimated geometric center of the
spine, and annuli were counted towards the exterior. The dots represent the
estimated geometric center of the spine and each counted annulus.
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A.4
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